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Preface 


This sixth edition of Water Supply and Pollution Control has been updated and modern¬ 
ized in many ways. There is new material on treatment processes, water use and de¬ 
velopment, population forecasting, urban storm drainage, distribution system design 
(EPANET is introduced and examples and problems are developed to demonstrate its 
use), sludge processing, and advanced wastewater treatment. In particular, there are sig¬ 
nificant revisions of the chapters or sections on water supply and use (Chapters 3 and 
4), water distribution (Chapter 5), hydraulics and hydrology of sewer ana storm drain¬ 
age systems (Chapter 6), biological treatment processes (Chapter 12), processing of 
sludges (Chapter 13), and advanced wastewater treatment (Chapter 14). Several solved 
examples and end-of-chapter problems have been added, many of them designed for 
computer solutions. Greater clarity in presentation has been achieved. Consistent with 
the original intent of the book, the emphasis is on the application of scientific methods 
to problems associated with the development, movement, and treatment of water and 
wastewater. The book’s tradition of presenting treatment processes in the context of 
what they can do, rather than in the context of water or wastewater treatment, is becom¬ 
ing more appropriate as we move toward the concept of total water management, rec¬ 
ognizing that all waters are potential sources of supply. Water reuse is becoming an 
increasingly important consideration nationally, and additional material on this subject 
has been added. On the water supply side, more attention is paid to sharing water with 
natural systems and the impacts this has on the quantities of water available for tradi¬ 
tional water-using sectors, including the public. 

The authors wish to acknowledge the advice and assistance of students, professors, 
and practicing engineers who have reviewed and commented on previous editions. Par¬ 
ticular recognition is given to those who helped prepare the manuscript for the sixth 
edition, namely Audrey Hammer and Bette Viessman. We are indebted to them for their 
perseverance and understanding and for the excellent quality of their work. 

Warren Viessman, Jr. 

Mark J. Hammer 
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Introduction 


Prologue 

The purpose of this chapter is to: 

■ Summarize the evolution of water supply and pollution control 
practices 

■ Indicate the challenges faced by environmental engineers 


The human search for pure water supplies must have begun in prehistoric times. Much 
of that earliest activity is subject to speculation. Some individuals may have led water 
where they wanted it through trenches dug in the earth. Later a hollow log was perhaps 
used as the first water pipe. 

Thousands of years probably passed before our more recent ancestors learned to 
build cities and enjoy the convenience of water piped to the home and drains for water- 
carried wastes. Our earliest archeological records of central water supply and waste- 
water disposal date back about 5000 years, to Nippur of Sumeria. In the ruins of Nippur 
there is an arched drain with each stone being a wedge tapering downward into place 
fl].* Water was drawn from wells and cisterns. An extensive system of drainage con¬ 
veyed the wastes from the palaces and residential districts of the city. 

The earliest recorded knowledge of water treatment is in Sanskrit medical lore and 
Egyptian wall inscriptions [2]. Sanskrit writings dating about 2000 b.c. tell how to pu¬ 
rify foul water by boiling in copper vessels, exposure to sunlight, filtering through char¬ 
coal, and cooling in an earthen vessel. 

These is nothing concerning water treatment in the biblical sanitary and hygienic 
code of the early Hebrews, although three incidents may be cited as examples of the 
importance of fresh water. At Morah, Moses is said to have sweetened bitter waters by 
casting into them a tree shown him by God [3]. During the wandering in the wilderness, 
the Lord commanded Moses to bring forth water by smiting a rock [4]. At a much later 
date, Elisha is said to have “healed unto this day” the spring water of Jericho by casting 
“salt” into it [5]. 

The earliest known apparatus for clarifying liquids was pictured on Egyptian walls 
in the fifteenth and thirteenth centuries b.c. The first picture, in a tomb of the reign of 
Amenhotep II (1447-1420 b.c.), represents the siphoning of either water or settled wine. 


*The numbers in square brackets refer to the references at the end of the chapter. 


2 CHAPTER 1 Introduction 

A second picture, in the tomb of Rameses II (1300-1223 b.c.), shows the use of wick 
siphons in an Egyptian kitchen. 

The first engineering report on water supply and treatment was made in a.d. 98 by 
Sextus Julius Frontinus, water commissioner of Rome. He produced two books on the 
water supply of Rome. In these he described a settling reservoir at the head of one of 
the aqueducts and pebble catchers built into most of the aqueducts. His writings were 
first translated into English by the noted hydraulic engineer Clemens Herschel, in 
1899 [2]. 

In the eighth century a.d., an Arabian alchemist, Geber, wrote a rather specialized 
treatise on distillation that included various stills for water and other liquids. 

The English philosopher Sir Francis Bacon wrote of his experiments on the purifi¬ 
cation of water by filtration, boiling, distillation, and clarification by coagulation. This 
work was published in 1627, one year after his death. Bacon also noted that clarifying 
water tends to improve health and increase the “pleasure of the eye.” 

The first known illustrated description of sand filters was published in 1685 by 
Luc Antonio Porzio, an Italian physician. He wrote a book on conserving the health of 
soldiers in camps, based on his experience in the Austro-Turkish War. This was prob¬ 
ably the earliest published work on mass sanitation. He described and illustrated the use 
of sand filters and sedimentation. Porzio also stated that his filtration method was the 
same as that of “those who built the Wells in the Palace of the Doges in Venice and in 
the Palace of Cardinal Sachette, at Rome” [2]. 

The oldest known archeological examples of water filtration are in Venice and the 
colonies it occupied. The ornate heads on the cisterns bear dates, but it is not known 
when the filters were placed. Venice, built on a series of islands, depended on catching 
and storing rainwater for its principal freshwater supply for over 1300 years. Cisterns 
were built and many were connected with sand filters. The rainwater ran off the house 
tops to the streets, where it was collected in stone-grated catch basins and then filtered 
through sand into cisterns. 

A comprehensive article on the water supply of Venice appeared in the Practical 
Mechanics Journal in 1863 [6]. The land area of Venice was 12.85 acres and the average 
yearly rainfall was 32 in. Nearly all of this rainfall was collected in 177 public and 1900 
private cisterns. These cisterns provided a daily average supply of about 4.2 gallons per 
capita per day (gpcd). This low consumption was due in part to the absence of sewers, 
the practice of washing clothes in the lagoon, and the universal drinking of wine. The 
article explained in detail the construction of the cisterns. The cisterns were usually 10- 
12 ft deep. The earth was first excavated to the shape of a truncated inverted pyramid. 
Well-puddled clay was placed against the sides of the pit. A flat stone was placed in the 
bottom and a cylindrical wall was built from brick laid with open joints. The space 
between the clay walls and the central brick cylinder was filled with sand. The stone 
surfaces of the courtyards were sloped toward the cistern, where perforated stone blocks 
collected the water at the lowest point and discharged it to the filter sand. This water was 
always fresh and cool, with a temperature of about 52° F. These cisterns continued to be 
the principal water supply of Venice until about the sixteenth century. 

Many experiments were conducted in the eighteenth and nineteenth centuries in 
England, France, Germany, and Russia. Henry Darcy patented filters in France and 
England in 1856, anticipating all aspects of the American rapid-sand filter except coagu¬ 
lation. He appears to be the first to apply the laws of hydraulics to filter design [7]. The 
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first filter to supply water to a whole town was completed at Paisley, Scotland, in 1804, 
but this water was carted to consumers [2]. In Glasgow, Scotland, filtered water was 
piped to consumers in 1807 [8]. 

In the United States little attention was given to water treatment until after the Civil 
War. Turbidity was not as urgent a problem as in Europe. The first filters were of the 
slow-sand type, similar to British design. About 1890, rapid-sand filters were developed 
in the United States, and coagulants were later introduced to increase their efficiency. 
These filters soon evolved to our present rapid-sand filters. 

The drains and sewers of Nippur and Rome are among the great stmctures of an¬ 
tiquity. These drains were intended primarily to carry away runoff from storms and for 
the flushing of streets. There are specific instances where direct connections were made 
to private homes and palaces, but these were the exceptions, for most of the houses did 
not have such connections. The need for regular cleansing of the city and flushing of the 
sewers was well recognized by commissioner Frontinus of Rome, as indicated in his 
statement, “I desire that nobody shall conduct away any excess water without having 
received my permission or that of my representatives, for it is necessary that a part of 
the supply flowing from the water-castles shall be utilized not only for cleaning our city, 
but also for flushing the sewers.” 

It is astonishing to note that from the days of Frontinus to the middle of the nine¬ 
teenth century there was no marked progress in sewerage. In 1842, after a fire destroyed 
the old section of the city of Hamburg, Germany, it was decided to rebuild this section 
of the city according to modem ideas of convenience. The work was entmsted to an 
English engineer, W. Lindley, who was far ahead of his time. He designed an excellent 
collection system that included many of the ideas now used. Unfortunately, the ideas of 
Lindley and their influence on public health were not recognized. 

The history of the progress of sanitation in London probably affords a more typical 
picture of what took place in the middle of the nineteenth century. In 1847, following 
an outbreak of cholera in India that had begun to work westward, a royal commission 
was appointed to look into the sanitary conditions of London. This royal commission 
found that one of the major obstacles was the political stmcture, especially the lack of 
a central authority. The city of London was only a small part of the metropolitan area, 
comprising approximately 9.5% of the land area and less than 6% of the total population 
of approximately 2.5 million. This lack of a central authority made the execution of 
sewerage works all but impossible. The existing sewers were at different elevations, and 
in some instances the wastes would have had to flow uphill. In 1848 Parliament followed 
the advice of this commission and created the Metropolitan Commission of Sewers. That 
body and its successors produced reports that clearly showed the need for extensive 
sewerage works and other sanitary conditions [9]. Cholera appeared in London during 
the summer of 1848, and 14,600 deaths were recorded during 1849. In 1854 cholera 
claimed 10,675 people in London. The connection was established between a contami¬ 
nated water supply and spread of the disease, and it was determined that the absence of 
effective sewerage was a major hindrance in combatting the problem. 

In 1855 Parliament passed an act “for the better local management of the metropo¬ 
lis,” thereby providing the basis for the subsequent work of the Metropolitan Commis¬ 
sion of Sewers, which soon after undertook the development of an adequate sewerage 
system. It will be noted that the sewerage system of London came about as a result of 
the cholera epidemic, as was true of Paris. 
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The remedy for these foul conditions was to discharge human excrement into the 
existing storm sewers and install additional collection systems. This suggestion created 
the combined sewers of many older metropolitan areas. These storm drains had been 
constructed to discharge into the nearest watercourse. The addition of wastes to the 
small streams overtaxed the receiving capacities of the waters, and many of them were 
covered and converted into sewers. Much of the material was carried away from the 
point of entry into the drains, which in turn overtaxed the receiving waters. First the 
smaller and then the larger bodies of water began to ferment, creating a general health 
problem, especially during dry, hot weather. The solution has been the varying degrees 
of treatment currently practiced according to the capabilities of the receiving stream or 
lake to take the load. 

The work on storm drainage in the United States closely paralleled that in Europe, 
especially England. Some difficulty was experienced because of the difference in the 
rainfall patterns in America and England. English rains are more frequent but less in¬ 
tense. In the United States storm drains must usually be larger for the same topographi¬ 
cal conditions. 

The enormous demands being placed on water supply and wastewater disposal fa¬ 
cilities. today have necessitated the development and implementation of far broader con¬ 
cepts in environmental engineering than those envisioned only a few years ago. The 
standards for water quality have significantly increased concurrently with a marked 
decrease in raw-water quality. Evidence of water supply contamination by toxic and 
hazardous materials has become common and concern about broad water-related envi¬ 
ronmental issues has heightened. As populations throughout the world multiply at an 
alarming rate, environmental control becomes a critical factor. Land and water manage¬ 
ment become increasingly urgent. Many European and Asian nations have reached the 
maximum populations that their land areas can bear comfortably. They are faced with 
the problem of providing for more people than their lands can conveniently support. The 
lesson is that populations increase, but water and land resources do not. Consequently, 
the use and control of these resources must be nearly perfect to maintain our way of life. 

Today, a holistic “watershed” focus for water management strategies is emerging. 
The concept is not new, but the key to broadly conceptualizing and implementing inte¬ 
grated water management plans has been elusive. Integrated water management means 
putting all of the pieces together. Social, environmental, and technical aspects must be 
considered. Issues of concern include: providing the forums; reshaping planning pro¬ 
cesses; coordinating land and water resources management; recognizing water source 
and water quality linkages; establishing protocols for integrated watershed manage¬ 
ment; addressing institutional challenges; protecting and restoring natural systems; re¬ 
formulating existing projects; capturing society’s views; articulating risk; educating and 
communicating; uniting technology and public policy; forming partnerships; and em¬ 
phasizing preventive measures. There is a need to guide water management decision 
making in flexible, holistic, and environmentally sound directions. Water resources 
professionals must be prepared to offer credible guidance to those who need it, at the 
right time, and in a comprehensible form. 

The challenge to environmental engineers and scientists is enormous: few other 
scientific or engineering specialties face such an array of disparate and, at the same time, 
interrelated subject areas. The field is rampant with frustration, but it is an exciting and 
den(^anding one. It requires the best human resources we have. The future of this “one 
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world” rests upon the decisions that environmental scientists, engineers, and others will 
contribute to and on the actions that will flow from these decisions. An understanding 
of water supply and pollution control technology must be incorporated directly into 
today’s environmental policy making. 
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Water Management 


Prologue 

The purpose of this chapter is to: 

■ Identify contemporary water management issues 

■ Summarize environmental laws and regulations 

■ Indicate the likely direction of future water supply and pollution 
control efforts in the United States 


r Water management is multidimensional. It embraces planning, design, construction, op¬ 
eration, and maintenance. It must be conducted within the constraints of technology, 
social goals, laws and regulations, political viewpoints, environmental concerns, and 
economic realities. To be effective, water management must recognize and take advan¬ 
tage of interconnections between surface and groundwater bodies, exploit the potential 
for coordinated use of existing facilities, acknowledge that water quantity and quality 
are a single issue, devise new ways to operate old systems, blend structural and nonstruc- 
tural approaches, accept that the expansiveness of water resources systems may require 
regional rather than local solutions to problems, and provide equity, insofar as is pos¬ 
sible, if not on a monetary basis, at least on a service basis, to all those affected. In 
concept, water management is simple; the trouble is that the boundaries of the physical 
systems that must be dealt with often differ markedly from the political boundaries that 
affect how water is used and develope^Furthermore, many historical, social, legal, and 
organizational factors have been narrowly focused and constrain, if not preclude, good 
water management. 


2.1 From Projects to Issues 

In the early twentieth century the construction of dams, waterways, water treatment 
plants, and wastewater treatment facilities was given priority. Irrigation works helped 
settle the West. Waterway improvements encouraged commerce and industry in popu¬ 
lous areas of the East, South, and Midwest. Municipal water and wastewater systems 
provided the basis for increasing urbanization and industrial growth in many localities. 
Now, however, most of the nation’s rivers have been subjected to engineering controls, 
and many old water policies are no longer valid. Ifurthermore, numerous facilities con- 
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stnicted in the past are reaching the end of their design lives, and the question of how to 
rehabilitate them is becoming important. 

The maturity of our water infrastructure suggests that the exercise of good manage¬ 
ment practices be the basis for correcting deficiencies and making improvements. Broad 
issues, rather than the local interests that historically have been satisfied on a project-by- 
project basis, are moving to the forefront. A transition is under way. The question is 
whether this new outlook can hurdle the barriers created over the years. 

Of interest is the fact that the National Water Commission’s 1973 recommendations 
still stand as a model for modernizing water management policies [1}. The NWC’s seven 
recurring themes are relevant to the subject of water supply and pollution control. 
They are: 

1. Future water demands are not inevitable but are the result of policy decisions 
within the control of society. Good planning should be based on a range of plau¬ 
sible alternative futures. 

2. National priorities are shifting from water resources development to restoring and 
enhancing water quality. 

3. Water resources planning must be tied more closely to land use planning. 

4. Water use efficiency should be emphasized and policies to encourage wise water 
use and conservation practices should be promoted. 

5. Sound economic principles should be incorporated into decisions on whether to 
build water projects. Beneficiaries should pay for the costs of the services they 
receive and unjustified subsidies that distort allocation of scarce resources should 
be eliminated. 

6. Laws and legal institutions should be reexamined in the light of contemporary 
water problems. 

7. Development, management, and protection of water resources should be con¬ 
trolled at that level of government nearest the problem and most capable of effec¬ 
tively representing the vital interests involved. 

2.2 institutions 

The need for objective water management has long been recognized, but its implemen¬ 
tation presents a problem. Successful application requires coordinating human, agency, 
government, and special-group interests and resolving conflicts among them. This in¬ 
stitutional problem underlies most water issues. The influences of laws and regulations, 
political boundaries, agency missions, financing mechanisms, social customs, and the 
belief that water is free for the taking have all interacted to create a “water crisis” aura. 
The challenge is to bring about needed reforms in water-related instimtions. If we are 
not able to do this, water shortages may be widespread and correcting them could be 
costly and time consuming. 

Our society is not an easy one to live in. The rate of technological change has been 
swift and continues to accelerate. Many institutions and policies, however, have not kept 
pace, leading to conflicts that must be resolved. Even when it appears that we know 
what to do, we often fail to do so owing to selfishness or an unwillingness to attack 
constraining influences. Entrenched institutions are hard to change, but they cannot be 
ignored. Like facilities, they must be kept currait. 
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In recent years the “watershed” has again become the focal point for water re¬ 
sources management strategies, but the concept goes back many years. The “landmark” 
National Water Commission report, “Water Policies For The Future,” and many other 
studies that followed it suggest that for the future, an integrated watershed management 
approach must be taken if we are to be successful in balancing the many interdependent 
components of the water/environment systems with which we must deal [2-5]. 


2.3 Integrated Water Management 

Many of the nation’s water problems cannot be solved in the context of traditional spatial 
and/or institutional boundaries. In recognition of this, a number of states are taking 
regional or watershed management approaches. Two states. Nebraska and Florida, have 
established statewide management districts that have broad powers to manage water 
resources and provide facilities. The twenty-three Nebraska Natural Resources Districts 
and the fivp Florida Water Management Districts blanket their states and have similar 
powers, including the authority to levy property taxes [6,7]. Furthermore, federal, state, 
and local government agencies are beginning to adopt and implement holistic water 
management practices. These watershed-oriented approaches are based on flexible 
frameworks that specify guidelines, define the roles and responsibilities of key players, 
and permit the unique attributes of the watershed to dictate appropriate actions [8]. They 
are analogous to ecosystems approaches in that they consider the linkages between air, 
water, land, and the life forms resident within the systems’ boundaries. Integrated water¬ 
shed management should be based on: an appropriate spatial configuration (the right 
problemshed); action driven by environmental objectives, solid science, and credible 
data; partnerships among key stakeholders; and adherence to the concepts of “sustain¬ 
able development” [8]. If this prescription is followed, the involved watershed com¬ 
munity will play a meaningful role in the management of its resources. 

Integrated watershed management involves taking into account many natural and 
human-derived components. Some consolidating features that must be considered in the 
development of watershed management plans are discussed next. 

PROVIDING THE RIGHT FORUMS. Effective forums for designing implementable 
water management policies and programs must be arranged. In some cases, existing 
arenas are adequate (city councils, state legislatures, special-interest-group committees), 
but these do not always bring the major stakeholders to the table. Two types of forums 
are needed: those related to resolving or avoiding conflicts (consent building) and those 
related to solving problems that transcend normal political and/or agency boundaries 
(system-encompassing). The first type of forum is needed to address points of conten¬ 
tion, whereas the second is needed to analyze issues in their proper spatial and/or 
institutional context. Historically, little has been done to organize such forums, or to use 
them effectively, but there is evidence that their use in water resources planning and 
management processes is increasing [6,9]. 

IMPROVING PLANNING PROCESSES. Some changes in pl annin g processes will 
be needed if water resources are to be managed,in an integrated manner. Historically, 
plhns have ranged from lists of projects or programs that a constituency desires to have 
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implemented to comprehensive blueprints for action to meet targeted goals. A 1985 
survey of state water planning programs in the U. S. identified some of the shortcomings 
in planning efforts and suggested that integrated water resources planning was more 
conceptual than actual [10]. The report disclosed that plan implementation processes 
were often weak; there were few good public participation models; only a few states had 
comprehensive, continuing water resources assessment processes; water quality and 
water quantity planning was not well integrated; most state water plans did not have 
identifiable,regional provisions, although a trend toward considering sub-basins or sub- 
regions as viable management units appeared to be emerging; and very few states had 
addressed the issue of consistency of water resources plans among the various levels of 
government. 

For watershed planning to take on a needed proactive—rather than reactive—role, 
the planning process should typically recognize and address society’s goals; identify and 
confront the “right” problems; function effectively within prevailing legal/institutional 
frameworks; accommodate both short- and long-range scenarios; generate a diverse 
menu of alternatives; take into account the allocation of water for all needs, including 
those of natural systems; be stakeholder-driven; take a global perspective; be flexible 
and adaptable; drive regulatory processes; be the basis for policy making; foster coor¬ 
dination among planning partners and consistency among related plans; be accommo¬ 
dating of multiple objectives; be a synthesizer; recognize and deal with conflicts; and 
produce implementable recommendations. 

Unfortunately, the adoption of such models has been hampered by the separation of 
planning and implementing authorities, turf-protection attitudes of agencies and govern¬ 
ments, short-sighted focusing of efforts, lack of objectivity, and limited funding. But 
these deficiencies will have to be addressed if integrated water management is to be 
more than a target concept. 

COORDINATING LAND AND WATER RESOURCES MANAGEMENT. Water 
management affects related lands, and land use practices affect related waters. Reservoir 
developments change land use patterns for better or worse; management of solid wastes 
may aftect water quality; land treatment residues appear in runoff waters; channelized 
streams afl'ect their flood plains and wetlands; watershed management practices may 
aflect the amount and quality of water available for use; attitudes of landowners are 
reflected in the impacts they may have on water quantity and/or quality; and facilities 
siting can disrupt local hydrological regimes. These examples of ties between land and 
water management practices underscore the need to coordinate water resources planning 
and management with land use planning and regulation. The importance of this has long 
been recognized, but overcoming the institutional barriers to it has lagged [IJ. Creative 
exercise of land use control powers, such as zoning, could go a long way toward miti¬ 
gating this problem. 

Improved coordination among the governments and agencies engaged in land/water 
management is needed [6]. In general, there is no pervasive mandate or organizational 
arrangement that provides for these elements. Planners and managers should be sensitive 
to the impacts their proposals may have on other governments, agencies, and programs, 
but there are few formd structures for requiring this. Viewing problems in all of their 
dimensions is crucial to effective resource management, and yet we continue to operate 
principally along strict disciplinary, subject matter, and agency lines. 
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The public’s desire for optimal use of its land and water resources is not being 
reflected consistently in the reality of agency or agency-approved plans and their imple¬ 
menting actions. Legal reforms are needed to accomplish this task. Even when fragile 
lands, such as wetlands, are in state ownership and subject to public trust rights, damage 
from developmental activities such as drainage sometimes occurs. Usually this is due to 
poor recordkeeping on ownership, lack of agency program coordination, and narrowly 
defined planning processes. 

RECOGNIZING WATER SOURCE AND WATER QUALITY LINKAGES. Although 
water quality and water quantity (surface water and groundwater sources) are inextri¬ 
cably linked, these subjects have been treated for too long as if they were independent. 
Water quality deserves attention because of its implications for affecting the public 
health, the economy, and the quality of ecosystems. And even with large federal invest¬ 
ments in pollution control since 1972, the nation’s waters continue to be damaged by 
pollution and misuse. Pollutants reach water bodies from point and nonpoint sources. 
Of special importance are the vestiges of toxic and hazardous materials that are trans¬ 
ported by surface and ground waters. 

Hydrologists have long understood that many of the nation’s surface water and 
groundwater systems are physically linked. Unfortunately, development and manage¬ 
ment of these water sources is commonly undertaken as if they were unrelated. Until 
recent times, few water rights laws and regulations recognized the interdependencies of 
these systems, and this has exacerbated the compartmentalization that exists. Ideally, 
where it is feasible, surface water and groundwater systems should be operated jointly 
(in aquifer storage and recovery systems, for example) to take advantage of the specific 
attributes of each system. A functional conjunctive use system is exemplified by the Los 
Angeles Coastal Plain in California [11]. In the future, groundwater and surface water 
resources should be managed more holistically, with due consideration given to water 
quality aspects. Groundwater management must take into consideration protecting the 
quality of the resource from degradation by human activities; regulating land use to 
protect recharge areas; exploring options for artificial recharge and conjunctive use; and 
establishing sustainable depletion rates for aquifers. 

ADDRESSING INSTITUTIONAL CHALLENGES. Bringing about institutional 
change is complex, tedious, and painful. The philosophies of agencies, the rules of law, 
and social customs are entrenched and resist modification. Improvements in coordina¬ 
tion, collaboration, and consistency among governments and agencies are needed. It 
must be recognized that what is considered best at one level of government is not nec¬ 
essarily the best at another. Plans for action should be developed in recognition of these 
differences. An important planning/management role is that of viewing problems in 
their full spatial and institutional dimensions. 

Workable regional, international, and global water management institutions must 
be designed and put into operation. Cities, counties, states, and even nations are often 
too limited in jurisdiction to deal appropriately with water/environment issues that tran¬ 
scend their boundaries. More often than not, locally perceived problems have regional, 
if not global, dimeiisions and they must be dealt with in that context. The Florida Water 
Management Districts and the Nebraska Natural Resource Districts are examples of 
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regional institutions that work. There will have to be international acceptance of rules 
of conduct that go well beyond simple agreements on pollution control. A broad under¬ 
standing of the functioning of entire ecosystems must become the basis for unified ac¬ 
tion. And the institutions to do the job can vary from regional authorities with broad 
powers to international cooperative agreements among nations. There is no uniformly 
acceptable format. What works well in one circumstance might not work in another. 
Providing flexibility in institutional design is imperative. 

PROTECTING AND RESTORING NATURAL SYSTEMS. There is widespread 
concern about protecting, enhancing, and/or restoring natural systems. But the scientific 
knowledge needed to understand the role these systems play in the balance of nature is 
limited. Dealing with such issues requires special policies, a good data base, and a high 
degree of intergovernmental and interagency coordination. The nations of the world are 
facing increasingly difficult decisions regai'ding the protection of natural systems and 
the tradeoffs that must be made in order to accomplish this. It is imperative, therefore, 
that the economic and social impacts of proposed environmental policies be understood. 
This means that considerable effort must be placed on understanding the interactions 
inherent in ecosystem functioning. If we do not know how these systems work, we 
cannot estimate the consequences of proposed actions. Development and environmental 
protection can be partners, but only if care is exercised in modifying the landscape. 
Growth management policies that embrace the many dimensions of managing natural 
systems are badly needed. 

The restoration of some structurally modified systems to a condition more nearly 
resembling their original undeveloped state is becoming common as a goal of society. 
The challenge is to maintain a focus on sustainable development while simultaneously 
exploring options for repairing environmental damage. Environmental restoration re¬ 
quires an understanding of the functioning of ecosystems that stresses the limits of sci¬ 
entific knowledge. Care must also be exercised to ensure that restoration schemes do not 
create other impacts that may be as negative as those to be corrected. In Florida, resto¬ 
ration projects for the Kissimmee River and the Everglades are excellent examples of 
contemporary approaches to environmental .systems recovery [12], 

Protocols for making tradeoffs and establishing relative values for making water 
allocation decisions for environmental purposes are also needed. Casting the value of a 
constructed waterway in monetary terms is relatively easy to do, but when it comes to 
establishing a value for a wetland, a natural habitat, or an instream flow to support fish 
and wildlife, problems abound. This is a critical issue. Economic measures, weights, 
qualitative indexes, contingent valuation techniques, and other approaches must be con¬ 
sidered. This subject requires more research. 

REFORMULATING EXISTING PROJECTS. Numerous water projects have been 
built since the turn of the century. Many of these were originally designed for a single 
purpose or for specific multiple purposes. Today, some of the original purposes may no 
longer be valid or may not require the same level of attention they deserved in the past. 
It is often possible to change the operating policies of these projects to make them more 
accommodating of contemporary needs. Such practices can result in water use efficien¬ 
cies, cost savings, and minimization of new project construction. 
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CAPTURING SOCIETY’S VIEWS. Water management plans should be proactive and 
designed to influence policy. They must embody social goals, and hence capture public 
views and perceptions at the outset. Sources of conflict should be identified early on so 
that options for managing them can be defined before strong adversarial stances emerge. 
P lannin g is for people, and it is their vision of the future that must be captured. They, not 
the planners, should set the specifications. Furthermore, the public should be used as a 
sounding board for suggesting reformulations of existing water projects and programs. 

ARTICULATING RISK. One of the most troublesome issues facing decision makers 
is that of dealing with risk. The quantification of risk, the perception of risk, and the 
level of risk to be accepted by society must be considered [13,14]. Unfortunately, there 
are not many good models for communicating risk to the public. There is a great need 
for education on the part of both those who understand the likelihood of danger and 
those who only perceive that danger. Scientists are not omnipotent. And they are often 
not able to converse adequately with the public or to deal with emotion rather than 
reason. The policy maker, on the other hand, must be able to operate in an arena of 
uncertainty and public fear, and at the same time bring some rationality into judgments 
about acceptable levels of risk. There is a need for targeted risk assessments and risk- 
benefit analyse. The public view must be included, up front, in policy designs where 
risk and uncertainty are issues. The costs and benefits of reducing risk must be more 
clearly articulated. 

EDUCATING AND COMMUNICATING. Education and communication are keys to 
shaping water policy. It is important for the public to become more conversant with the 
water/environment agenda, its roots, and its links to other issues of concern to society. 
Adult, public, and professional education programs that deal with water issues should 
be expanded. Agencies, interest groups, and others could establish centers to commu¬ 
nicate relevant scientific and technical information. Holding basin-wide or regional 
workshops and/or conferences is one way to acquaint citizens with the true dimensions 
of water management problems and to identify potential courses of action. 

FORMING PARTNERSHIPS. There is a need for federal and state agencies and 
other institutions to strengthen and/or establish partnerships among themselves and with 
relevant publics. Such cooperative arrangements aid in confict resolution, enhance effi¬ 
ciency in commitment of resources, and facilitate the identification of paths that com¬ 
plement and/or supplement goals. This approach fosters learning from, rather than 
opposing, one another. Partnering is one way to bring about needed institutioned reforms. 

Partnering means much more than forming a reactive panel of those who might be 
affected by a proposed course of action. It means effectively integrating stakeholder 
views and attitudes into planning and management processes. It must be recognized, 
however, that the missions, legislative mandates, and administrative policies among 
partners may be very different. Differences in view must be identified and accepted, and 
commonalities in interest sought as the building blocks of consensus. The goal should 
be to ensure that there are no real losers, that all receive some benefit in pursuing a 
common target. But partners must recognize that tradeoffs must be made to improve the 
collective whole. Finally, a necessary condition for establishing m utu al trust is that part- 
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nering arrangements be open, frank, and honest. Unless that condition is met, there will 
be little incentive for meaningful cooperation. 

Partners should be involved in all the planning and decision-making processes from 
the outset. A total commitment is needed. Addressing the views of each partner in a joint 
fomm aids in overcoming inequities and can preempt objections that might be raised in 
a more adversarial forum if involvement occurs too late. By allowing all to participate 
in decision-making processes freely and in a timely manner, tensions are likely to be 
reduced and agreement on suitable closure regarding the issues of concern reached. 

Essential elements of partnership building are establishing the need for the partner¬ 
ship and agreeing upon a common set of goals; identifying and involving the key stake¬ 
holder groups/individuals; getting agreement that closure of the issue of concern is an 
expected outcome of the partnership; providing the right forum(s) for partner partici¬ 
pation; obtaining the direct involvement and support of partner leaders; embracing a 
holistic view of the problem and its solution; and establishing an equal playing field for 
every partner. 

FOCUSING ON PREVENTIVE MEASURES. In the future, we must give more at¬ 
tention to preventive rather than remedial approaches to solving water problems. In the 
long run, considerable cost savings and reduction in environmental degradation can be 
expected. The old adage “an ounce of prevention is worth a pound of cure” is appropri¬ 
ate, and planning processes should be modified to adopt this focus. 


Uniting Technology and Pubiic Policy 

If the world’s water problems could be solved without concern for political boundaries, 
social customs, agencies, laws, regulations, and politics, technical solutions would be 
the order of the day, but reality dictates that technology be exercised within institutional 
limits. Only those technical solutions that are politically feasible, socially acceptable, 
and legally permissible are likely to be implemented, short of lifting some or all of the 
constraining influences. To seek technical solutions without regard for their viability 
within institutional settings is to invite delay, added cost, or even total failure. 

On the other hand, we do not have to accept that prevailing institutional systems are 
fixed forever. Factual analyses of the impact of existing constraints on addressing water 
issues must be provided. If benefits can be shown to increase as the result of modifying 
laws, changing regulations, developing new organizations, and so on, then prospects for 
reform will be enhanced. The approach taken should be to offer options that include 
both constrained and unconstrained solutions, documenting the benefits of each. In this 
way, options requiring institutional change can be weighed against those that do not and 
choices can at least be informed. The tools of diagnosis and evaluation at our disposal 
permit prompt, in-depth evaluations of many courses of action. It is time to examine 
existing systems objectively to see if they can be operated more efficiently and, if so, 
what changes would be needed to bring this about. 

A solution to the water supply problem of the Washington, D.C., metropoli tan area 
(WMA) exemplifies what can be done. For years, political jurisdictions, special-interest 
groups, and agencies argued about plans for increasing the WMA water supply [6, 9]. 
Hundreds of proposals emerged, but none really gained support, mainly because the 
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institutions that would have to implement them did not desire, or were unable to find, a 
common ground. Efforts to improve the region’s water supply situation stagnated, but 
population growth did not. The result was that periodic low flows in the river became 
more and more troublesome. 

Thoughts of an impending crisis spurred the desire to “do something,” and in the 
late 1970s a unique marriage of institutional cooperation and technological effort 
emerged. The Corps of Engineers, the states of Maryland and Virginia, the Interstate 
Commission on the Potomac River Basin, the Fairfax Country Water Authority, the 
Washington Suburban Sanitary Commission, the Metropolitan Washington Area Coun¬ 
cil of Governments, and other key organizations worked together to provide a setting 
for coordination of river management policies that would benefit them all. 

Analysts found a way to augment the region’s water supply without the need for 
major new facilities. It involved dealing with a maze of engineering, social, environ¬ 
mental, economic, and political problems. The approach, adopted in 1982, was fresh 
and nontraditional. It focused on what could be done in the face of prevailing con¬ 
straints. Modem techniques of systems analysis—linear programming, synthetic hy¬ 
drology, statistical analysis, hydrologic modeling, and computer simulation—were 
merged to produce a predominantly nonstractural solution to the water supply problem. 
As a result, a problem dissolved that had existed for almost 30 years. What had appeared 
to be an impasse in regional cooperation was obliterated. Furthermore, between $200 
million and $1 billion was potentially saved compared to previous alternatives. The en¬ 
vironmental impact of the solution was minimal. 

This example offers proof that nonstructural engineering alternatives, including bet¬ 
ter management of existing facilities, can be devised to solve difficult technical and 
institutional water resources problems at low economic and environmental costs. The 
coming of age of the use of modern systems analysis techniques for solving water re¬ 
sources problems is exemplified. Such approaches have great potential for solving prob¬ 
lems nationwide, but to implement them we must consider the systems being dealt with 
in totality. 

Finally, it must be recognized that, for management to be effective, sweeping insti¬ 
tutional reforms may be required. Their nature will be determined by the scale of the 
problem being addressed, but it is clear that agency missions, federal and state laws, and 
citizen and special-interest group attitudes may all have to be tampered with. There will 
be winners and losers, but unless we can come to grips with those elements that influ¬ 
ence our ability to provide water of adequate quality, the actions taken will fall far short 
of those needed to do the job. 


2.4 Roadblocks to Be Overcome 

Integrated water management is conceptually sound. It should be the goal, and, if pos¬ 
sible, the practice. Conceptualization, however, is easier to accomplish than implemen¬ 
tation. The more comprehensive the management approach, the more torturous the path. 
Unfortunately, there are many barriers that must be overcome if we are to successfully 
implement truly integrated watershed management plans. These roadblocks includes the 
complexities associated with developing and implementing holistic water management 
schemes, agency, interest group, and political boundaries (boundaries of authority and 
space); government, agency, and professional biases and traditions; the lack of effective 
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forums for assembling and retaining stakeholders; the narrow focus, lack of implemen¬ 
tation capability, poor public involvement, and limited coordination attributes of many 
water resources planning and management processes; the separation of land and water 
management, water quantity and water quality management, surface water and ground- 
water management, and other direct linkage actions; poor coordination and/or collabo¬ 
ration among state, local, and federal water-related agencies; limited ability to value 
environmental systems on monetary or other scales; the public’s perception of risk as 
opposed ta the reality of risk associated with water management options; suspicion re¬ 
garding the formation of partnerships; and poor communications links among planners, 
managers, stakeholders, and others. 


2.5 Environmental Regulation and Protection 

Water pollution legislation originated in Congress with a bill passed in 1886. This bill 
forbade the dumping of impediments to navigation in New York Harbor. In 1899 Con¬ 
gress passed the Rivers and Harbors Act, which prohibited deposit of solid wastes into 
navigable waters. These early concerns with water pollution were strictly in the interests 
of navigation. The Public Health Service Act of 1912 had a section on waterborne dis¬ 
eases, and the Oil Pollution Act of 1924 was designed to prevent oil discharges from 
vessels into coastal waters, discharges that could damage aquatic life. This act gave 
pollution enforcement authority to the federal government if local efforts failed and in¬ 
cluded provision for matching grants for waste treatment facilities. Policy was strength¬ 
ened with the Water Quality Act of 1965, which set water quality standards for interstate 
waters. 

In 1966 attention to water quality sharpened, owing to the efforts of President John¬ 
son. It was his position that entire river basins rather than localities should be considered 
in pollution control efforts. He proposed a “clean rivers demonstration program” in 
which the federal government would provide funds to interstate and/or regional water 
pollution control authorities on a first-ready, first-served basis. Those participating in 
the program would be required to have permanent water quality planning organizations, 
water quality standards, and implementation plans in effect for all waters of the basin 
designated. 

The Clean Rivers Restoration Act of 1966 provided for a substantial increase in the 
level of funding appropriated for the construction of wastewater treatment facilities. 
Unfortunately, because of the Vietnam War, the construction grant program was not 
funded at the levels authorized. 

After the Nixon administration took office in 1969, Congress prodded it to take 
action in the areas of water pollution control and environmental policy. This prodding 
was supported by a strong environmental movement that had been swelling in the late 
1960s. By 1970 the Nixon administration became convinced that there was a need for a 
massive federal investment in sewage treatment plant construction. In his February 1970 
message on environmental quality. President Nixon proposed a four-year, $10 billion 
program of state, federal, and local investment in wastewater treatment facilities. The 
federal share of this investment was to be $1 billion per year. While this amount lagged 
actual authorized funding levels and was less than many environmental advocates de¬ 
sired, it was much more than any previous presidential request [15]. 

In 1970 the National Environmental Policy Act was passed (NEPA, 1969). The act 
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was praised by President Nixon, who proclaimed that the three-member Council on 
Environmental Quality (CEQ) would be a great asset in informing the president on im¬ 
portant environmental issues. The Nixon administration promptly put the provisions of 
NEPA into effect. On March, 5,1970, the president issued an executive order instmcting 
all federal agencies to report on possible variances of their authorities, policies, and so 
on with NEPA’s purposes. Then on April 30, 1970, the CEQ issued interim guidelines 
for the preparation of environmental impact statements. 

In December 1970, as an outgrowth of the administration’s environmental interests, 
a new independent body, the Environmental Protection Agency (EPA), was created. 
This organization assumed the functions of several existing agencies relative to matters 
of environmental management. It brought together under one roof all of the pollution 
control programs related to water, air, solid wastes, pesticides, and radiation. The EPA 
was seen by the administration as the most effective way of recognizing that the envi¬ 
ronment must be looked on as a single, interrelated system. It is noteworthy, however, 
that the creation of the EPA made even more pronounced the separation of water quality 
programs from other water programs. 

Even with the enactment of NEPA, it was clear that a comprehensive response to 
water pollution issues was still lacking. It became evident during Congressional hear¬ 
ings in 1971 that, relative to the construction grants program, the program was under¬ 
funded. To rectify this situation. Congress passed the Water Pollution Control Act 
Amendments of 1972 (P.L. 92-500). Responding to public demand for cleaner water, 
the law ended two years of intense debate, negotiation, and compromise and resulted in 
the most assertive step taken in the history of national water pollution control activities. 

The act (P.L. 92-500) departed in several ways from previous water pollution con¬ 
trol legislation. It expanded the federal role in water pollution control, increased the 
level of federal funding for construction of publicly owned waste treatment works, ele¬ 
vated planning to a new level of significance, opened new avenues for public participa¬ 
tion, and created a regulatory mechanism requiring uniform technology-based effluent 
standards, together with a national permit system for all point-source dischargers as the 
means of enforcement. 

In the strategy for implementation. Congress stated requirements for achievement 
of specific goals and objectives within specified time frames. The objective of the act is 
to restore and maintain the chemical, physical, and biological integrity of the nation’s 
waters. Two goals and eight policies are articulated. The goals are 

1. To reach, wherever attainable, a water quality that provides for the protection 
and propagation of fish, shellfish, and wildlife, and for recreation in and on the 
water; and 

2. To eliminate the discharge of pollutants into navigable waters. 

The policies are 

1. To prohibit the discharge of toxic pollutants in toxic amounts; 

2. To provide federal financial asistance for constmction of publicly owned treat¬ 
ment works; 

3. To develop and implement areawide waste treatment management planning; 

4. To mount a major research and demonstration effort in wastewater treatment 
technology; 
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5. To recognize, preserve, and protect the primary responsibilities and roles of the 
states to prevent, reduce, and eliminate pollution; 

6. To ensure, where possible, that foreign nations act to prevent, reduce, and elimi¬ 
nate pollution in international waters; 

7. To provide for, encourage, and assist public participation in executing the act; and 

8. To pursue procedures that drastically diminish paperwork and interagency deci¬ 
sions on procedures and prevent needless duplication and unnecessary delays at 
all levels of government. 

The act provides for achievement of its goals and objectives in phases, with accom¬ 
panying requirements and deadlines. It was intended to be more than a mandate for 
point-source discharge control. It embodied an entirely new approach to the traditional 
way Americans had used and abused their water resources. Construction grants for pub¬ 
licly owned treatment works were made available to encourage full waste treatment 
management, providing for 

1. The recycling of potential sewage pollutants through the production of agricul¬ 
ture, silviculture, and aquaculture products, or any combination thereof; 

2. The confined and contained disposal of pollutants not recycled; 

3. The reclamation of wastewater; and 

4 . The ultimate disposal of sludge in a manner that will not result in environmental 
hazards. 

These statutory provisions outline a long-term program to reduce water use, reduce 
the generation of wastes, and establish financially self-sustaining, public-owned pollu¬ 
tion control facilities. 

The 1972 amendments recognized the importance and urgency of the water quality 
management problem. It was estimated by the National League of Cities and the U.S. 
Conference of Mayors, for example, that a financial commitment of from $33 billion 
to $37 billion would be needed for water pollution control programs during the re¬ 
mainder of the 1970s [6]. The 1972 act committed the federal government to 75% of the 
costs associated with the construction of wastewater treatment facilities and authorized 
$ 18 billion of contract authority. 

After passage of Public Law 92-500, there was a transition from researching the 
water pollution problem to implementing the solutions [16], For example, Section 101 
of the act states goals for fishable and swimmable waters and the prohibition of toxic 
discharges. These goals required that programs be implemented to reverse the threats 
that scientists had identified. The 1972 Clean Water Act provided the framework for a 
concerted effort to control water pollution. Contract authority to construct treatment 
facilities combined with meaningful enforcement procedures set in motion a policy to 
reverse the water quality-degrading practices of the past. 

Not long after passage of the 1972 Clean Water Act, the Safe Drinking Water Act 
was passed (December 16, 1974). The purpose of that legislation was to ensure that 
water supply systems serving the public would meet minimum standards for the protec¬ 
tion of public health. The act was designed to achieve uniform safety and quality of 
drinking water in the United States by identifying contaminants and establishing maxi¬ 
mum acceptable levels. Prior to the Safe Drinking Water Act, it was possible to prescribe 
federal drinking water standards only for water supplies used by interstate carriers. In 
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contrast, after the act the EPA established federal standards to control the levels of harm¬ 
ful contaminants in drinking water supplied by all public water systems. It also estab¬ 
lished a joint federal-state system for ensuring compliance with these standards. The 
major provisions of the act are 

1. The establishment of primary regulations for the protection of the public health; 

2. The establishment of secondary regulations that are related to taste, odor, and 
appearance of drinking water; 

3. The establishment of regulations to protect underground drinking water sources 
by the control of surface injection; 

4. The initiation of research on health, economic, and technological problems related 
to drinking water supplies; 

5. The initiation of a survey of rural water supplies; and 

6 . The allocation of funds to states for improving their drinking water programs 
through technical assistance, training of personnel, and grant support. 

In 1977, in response to an indicated need to address deficiencies in the 1972 act, the 
Clean Water Act was revised. The salient points of the 1977 act included the following: 

1. States were specifically mandated primacy over water quality and water use 
issues. 

2. Municipalities were given evidence of a federal commitment in the form of con¬ 
struction grants and training assistance. 

3. The public received assurances of the priority of water quality in the form of 
effective enforcement and incentive provisions for governments and industries to 
achieve the goal of fishable and swimmable waters. 

4. Industry received the necessary extensions of compliance deadlines under the ef¬ 
fluent discharge limitations provision. 

5. Environmental groups witnessed the incorporation of a Resource Defense Coun¬ 
cil/EPA consent decree into the law that established toxic effluent standards and 
set forth a comprehensible process to implement effluent limitations [16]. 

In 1986, the Safe Drinking Water Act of 1974 was amended [17]. The principal 
changes were focused on groundwater protection. A wellhead protection program was 
established. The program provides that states undertaking wellhead protection efforts 
are eligible to receive federal grants to aid them in these endeavors. The EPA guidelines 
for wellhead protection are somewhat unique in that they allow regional flexibility, 
rather than prescribe uniform national standards. The act also provides for sole-source 
aquifer protection. The objective is to protect from contamination recharge areas that 
are primary sources of drinking water. Drinking water standards apply to these areas, 
and underground injection of effluent is regulated. Enforcement provisions of the act are 
strong, and in 1987 the first criminal conviction under the act was obtained [18]. The 
act was again amended in 1996. The changes focused water program spending on the 
contaminants that pose the greatest risk to human health and that are most likely to occur 
in a specified water system. Rather than focusing on certain contaminants, the law gives 
EPA more authority to determine which contaminants to regulate. The amendments re¬ 
quire that the best available scientific information and objective practices be used when 
proposing drinking water standards and they require that EPA and the states begin to 
emphasize protection of source waters. 
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The Clean Water Act was reauthorized in 1987 as the Water Quality Act of 1987 
[19]. A major feature of the 1987 act was the addition of the goal of controlling nonpoint 
sources of pollution. It is the most pronounced federal excursion into this important 
water quality management dimension. Agricultural fields, feedlots, and urban areas, in¬ 
cluding streets, are addressed. And while mandatory controls are not authorized, Con¬ 
gress did direct the states to conduct planning studies for the purpose of developing 
strategies for abating water pollution associated with nonpoint sources. A total of 
$400 million of federal funds was authorized to be used by the states to implement 
cleanup programs. Priority is to be given regulatory programs, innovative practices, and 
strategies that deal with groundwater contamination. The 1987 act provides for creation, 
by the states, of revolving funds to facilitate low-interest loans to local governments for 
sewage treatment improvements. It also provides more options for state and federal shar¬ 
ing of programs under the National Pollution Discharge Elimination System (NPDES). 
The EPA and the states can now divide the categories of discharges regulated within 
each state. 

The Pollution Prevention Act of 1990 (P.L. 101 -508) established the Office of Pol¬ 
lution Prevention in EPA to coordinate agency efforts at source reduction. It created a 
volunteer program to improve lighting efficiency, thereby reducing energy consumption, 
and stated that waste minimization was to be the primary means of hazardous waste 
management. It also promoted voluntary industry reduction of hazardous waste and 
mandated a source reduction and recycling report to accompany the annual toxics re¬ 
lease inventory. 

As a result of the water pollution control efforts since 1972, the tide of pollution 
has been diminished. But there is still much to be done, particularly in the area of non¬ 
point pollution control. A summary of federal statutes governing or affecting water qual¬ 
ity protection is given in Table 2.1. 

Table2.1 A Summary of Federal Environmental Legislation: 1948-1996 
YEAR _act_ 

Federal Water Pollution Control Act 
Wild and Scenic Rivers Act 
National Environmental Policy Act 
Federal Water Pollution Control Act Amendments 
Marine Protection, Research and Sanctuaries Act 
Endangered Species Act 
Safe Drinking Water Act 
Resources' Conservation and Recovery Act 
Toxic Substances Control Act 
Clean Water Act 

Comprehensive Environmental Response, Compensation, 
and Liability Act 

Resources Conservation and Recovery Act Amendments 
Superfund Amendment and Reauthorization Act 
Federal Safe Drinking Water Act Amendments 
Clean Water Act Amendments 
Pollution Prevention Act 
Safe Drinking Water Act Amendments 


1948 

1968 

1969 
1972 

1972 

1973 

1974 
1976 

1976 

1977 
1980 

1984 

1986 

1986 

1987 
1990 
1996 
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2.6 Effects of Environmental Regulations 

The intended result of Congressional passage of pollution control laws was for the EPA 
and the states to issue enforceable regulations to improve the quality of the nation’s 
waters. Pollution control programs were generated at every level of government to im¬ 
plement regulations, issue permits, inspect regulated facilities, and enforce established 
rules. In response, industries and municipalities organized internal pollution control 
programs to stay abreast of regulatory requirements, work with plant personnel to attain 
compliance with regulations, learn about environmental monitoring and sampling tech¬ 
niques, and work with the regulatory agencies to obtain permits. In a sense, the 1970s 
was a period of institutionalization,of the ideals of the environmental movement preva¬ 
lent in the 1960s. 

The President’s Council on Environmental Quality, in its 1981 report, stated that 
water pollution controls were showing positive results in the United States [20]. The 
EPA has also reported success stories of rivers and lakes slowly returning to their natural 
state. The point-source program is now well established and appears to be working well, 
at least for industrial sources. But there is still need for improvement in the operation of 
municipal waste treatment facilities. 

By law, all waters must have designated “beneficial uses” that must be protected 
and met. These uses establish the water quality criteria that must be considered in pol¬ 
lution control efforts. Using EPA guidelines, states apply a range of chemical, biologi¬ 
cal, habitat, and other parameters to establish criteria to protect specific designated uses. 
The EPA must approve the water quality standards that result and the states then apply 
them to determine the quality of their waters, consistent with supported uses. In 1990, it 
was reported that of 519,000 miles of streams assessed in 1988, 30% did not meet, or 
partially did not meet, the standards for their designated uses [21, 22, 23]. 

2.7 Pollution Control in the Future 

During the Reagan administration, a review of regulations and regulatory practices was 
initiated to determine whether costs of pollution control could be reduced by modifying 
the regulatory approach [6]. This led to a debate about the relative merits of water qual¬ 
ity versus technology-based standards, which had been the keystone of the Clean Water 
Act since 1972. Warer quality standards establish a designated use for a specified sec¬ 
tion of a water body, which is then balanced with the maximum amount of waste the 
water body can assimilate. Technology-based standards are effluent limitations based 
on the levels of pollutant removal that can be achieved by modem wastewater tr p.atm p.nt 
technology. 

Congress initiated the technology-based approach in 1972 because the water quality- 
based approach of the 1960s had failed due to difficulties of enforcement and the lim¬ 
ited availability of data for use in water quality models. The arguments in favor of a 
technology-based approach are as follows: 

1. Technology-based standards are easy to enforce. This is important from an insti¬ 
tutional perspective. 

2. These standards are the first step toward the ultimate goal of zero discharge of 
pollutants to natural waters, as opposed to merely cleaning up waters to suit hu¬ 
man objectives (the basis for water quality standards). 
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3. Knowledge and resources to set water quality standards for all pollutants and lo¬ 
cations are insufficient. Technology-based standards are an interim approach to 
avoid pollution. 

4. Nationwide uniformity in treatment standards minimizes economic dislocations. 

5. The approach promotes equity among dischargers. No one should have the right 
to discharge more into the environment simply because of geographic location. 

The Reagan administration, however, contended that while technology-based stan¬ 
dards were important in the past in providing impetus for local governments and indus¬ 
try to clean up pollution from their treatment facilities, the agency now had the ability 
and sophistication to regulate discharged pollutants under water quality standards and 
that the Clean Water Act should be amended accordingly. The Reagan administration 
noted the following advantages of water quality standards [6]: 

1. Water quality standards and the process by which they are adopted inherently 
encourage an assessment of costs and benefits, which is absent in the adoption 
and application of technology-based standards. 

2. These standards foster scientific debate, which accelerates the advancement of the 
state of the art in predicting the fate and effect of pollutants. 

3. The debate takes place in a local/state arena and heightens awareness on the part 
of local government, policy makers, and the public of the importance of water 
pollution control in their communities. 

4. The assertion of the primary right and responsibility of states to regulate pollut¬ 
ants is essential to establishing the appropriate balance of power between the fed¬ 
eral establishment and state governments. 

5. Water quality-based decisions can avoid requirements of treatment for treatment’s 
sake, which can result from application of technology-based standards [9]. 

For the present, it appears that technology-based effluent standards will continue to 
be the norm, even though they may be economically and socially inefncient [24]. But 
someday, a shift to water quality standards may gain stronger support, particularly as 
holistic water management becomes reality. 

The Clean Water Act was last amended in 1987, despite efforts since then to have 
it revised. During the 104th Congress, the Republican majority worked with business 
and industry lobbyists to write a bill that would ease restrictions on discharges of a wide 
variety of industrial pollutants. Environmentalists and the Clinton administration op¬ 
posed this thrust and further action awaits the 105th Congress. A number of complex 
issues surround amendment of the act; a particularly significant one relates to the control 
of nonpoint pollution. About two-thirds of all pollution stems from farms, construction 
sites, mining, forestry, and urban runoff. Solutions to the nonpoint problem may require 
tougher regulations on the use of pesticides and fertilizers, as well ^ new land use 
controls to protect watersheds [25]. 

Another major issue that must be addressed is that of the storage, treatment, and 
disposal of the hazardous and toxic wastes generated by our industrial society. Even 
though many manufacturers have reduced their use of hazardous and toxic materials, 
the volume of such wastes continues to increase. According to one source, the cleanup 
of all civilian and military hazardous waste sites could cost in excess of $750 billion 
over the next thirty years [26]. 

For the future, it appears that the American public is strongly committed to the goal 
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of clean water. Billions of dollars have already been invested in water quality control 
programs, and this trend is expected to continue. Many of the easiest problems have 
been solved, however, and the future agenda will pose some significant political, legal, 
social, and economic challenges. 


2.8 Conclusions 

Integrated water management is the paradigm for the 21st century. The true spatial, 
environmental, and institutional dimensions of water management should be identified 
and problems should be solved in tjiat context. Planning and management contexts must 
be consistent with the issues they address and should have holistic dimensions. Objec¬ 
tive forums are needed to address the trae dimensions of water management problems, 
to bring stakeholders to the table, and to reach consensus. Integrated water management 
plans should drive water resources decision-making processes and serve as the basis for 
developing regulatory programs. Interagency and intergovernmental coordination, co¬ 
operation, and collaboration should be strengthened To the extent that it can be done, 
political processes should be influenced to focus on holistic land/water management 
approaches. Finally, preventive rather than remedial actions should be emphasized. 


Problems 

2.1 Prepare a summary of the procedure for appropriating surface water in your 
state. How are these water rights administered? 

2.2 Prepare a summary of the procedure for appropriating groundwater in some 
state. Outline the mosi important rules for governing the use of this groundwater. 

2.3 Investigate a particular state’s laws concerning stream pollution and outline the 
provisions that should be considered in the design of a municipal waste treatment 
plant. 

2.4 Prepare an outline of an interstate pollution control compact. Is your state a party 
to any interstate pollution control compact? 

2.5 Investigate the local ordinances concerning the disposal of industrial waste into 
the municipal system for a large city in your state. Prepare a summary of those 
provisions that should be considered in the design of an industrial waste treat¬ 
ment plant to be located in that city. 

2.6 What are the main statutes under which the EPA controls water pollution? 
Which aspects of water pollution may be regulated under each act? 

2.7 Define point and nonpoint water pollution sources. Give five examples of each. 

2.8 List ten adverse health effects that can be caused by toxic chemical pollutants. 

2.9 In your opinion, what is the most significant source of groundwater pollution in 
this country? Explain. 

2.10 What is the most significant source of groundwater pollution in your state? De¬ 
scribe the sources and effects of contamination to the extent they are known. 
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2.11 Why is groundwater contamination so difficult to detect and clean up? Briefly 
describe some of the techniques used in aquifer restoration. 

2.12 Identify the agencies in your state responsible for managing (a) water quality 
and (b) water quantity. 

2.13 Do you believe the primary responsibility for pollution control should rest with 
the states, the federal government, or some mix? Explain your viewpoint. 

2.14 Which agency, or agencies, regulate water quality in your state? 

2.15 Of the federal or state laws that you are familiar with, which have the greatest 
impact on water quality? Why? 
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Water Supply 
and Development 


Prologue 

The purpose of this chapter is to: 

■ Discuss the availability of water (surface water and groundwater 
sources) 

■ Define the water budget 

■ Indicate how water storage capacity can be determined 

■ Describe groundwater sources and development methods 


Not many years ago, water resources management was focused almost exclusively on 
water supply, flood control, and navigation.'Today, protecting the environment, ensuring 
safe drinking water, and providing aesthetic and recreational experiences compete 
equally for the allocation of water resources and for funds for water management and/ 
or development. An environmentally conscious public is pressing for improved manage¬ 
ment practices with fewer structural components to solve the nation’s water problems. 
The notion of continually striving to provide access to more water has been replaced by 
one of husbanding this precious resource. 

Water is located in all regions of the earth. The problem is that the distribution, 
quality, quantity, and mode of occurrence are highly variable from one locale to another. 

The most voluminous water source is the oceans. It is estimated that they contain 
about 1060 trillion acre-ft of water [1]. The most valuable water supply (in terms of 
quality or freshness) is contained within the atmosphere, on the earth’s surface, or un¬ 
derground. This supply, however, amounts to only about 3% of that contained in the 
oceans. 


WATER QUANTITY 

Water resources vary widely in regional and local patterns of availability. The supply is 
dependent on topographic and meteorological conations as they influence precipitation 
and evapotranspiration. Quantities of water stored are dependent to a large extent on the 
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Figure 3.2 shows the principal groundwater areas of the United States as depicted 
by Thomas [2]. Generally, it is evident that the mountain regions in the East and West, 
the northern Great Plains, and the granitic and metamorphic rock areas of New England 
and the southern Piedmont do not contain important groundwater supplies. 

Aquifers may be generally classified into four categories; 

1. Those directly connected to surface supplies that are replenished by gravitational 
water and that release water to surface flow. Gravels found in floodplains or river 
valleys are examples. 

2. Regional aquifers occurring east of the 100th meridian. These aquifers produce 
some of the largest permanent groundwater yields and have moderate to high rates 
of recharge. Good examples are found in the Atlantic and Gulf coastal plain areas. 

3. Low recharge aquifers between the 100th and 120th meridians. These aquifers 
have relatively little inflow compared to potential or actual drafts. Although stor¬ 
age volumes are often large, the low rate of replenishment indicates that the water 
must be considered more a minable material than a renewable resource. This pos¬ 
sible “limited-life” category poses particular problems of development and 
management. 

4. Aquifers subject to saline-water intrusion. These are usually found in coastal re¬ 
gions, but inland saline waters also exist, principally in the western states. 


WATER QUALITY 

Although water quality and water quantity are inextricably linked, water quality de¬ 
serves special attention because of its implications for affecting the public health and 
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Figure 3.2 Groundwater areas in the United States. [From “Water," in The 
Yearbook of Agriculture (Washington, D.C.: U.S. Government Printing Office, 

1955).] 

the quality of life. Even with the large federal investments, in pollution control since 
1972, the President’s Countil on Environmental Quality reports that the nation’s waters 
continue to be damaged by pollution and misuse. Pollutants reach water bodies from 
both point and nonpoint sources. Municipal wastes, urban and agricultural runoff, and 
industrial wastes are principal offenders. Of special importance are the vestiges of past 
toxic and hazardous materials that are now being transported by surface water and 
groundwater systems. The impacts of polluting activities are widespread and they affect 
the public health, the economy, and the environment [3,4]. 



3.5 Groundwater 

Groundwater quality is influenced by the quality of its source. Changes in source waters 
or degraded quality of source supplies may seriously impair the quality of the ground- 
water supply. Municipal and industrial wastes entering an aquifer are major sources of 
organic and inorganic pollution. Large-scale organic pollution of groundwaters is infre¬ 
quent, however, since significant quantities of organic wastes usually cannot be easily 
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introduced underground. The problem is quite different with inorganic solutions, since 
these move easily through the soil and once introduced are removed only with great 
difficulty. In addition, the effects of such pollution may continue for indefinite periods 
since natural dilution is slow and artificial flushing or treatment is generally impractical 
or too expensive. The number of harmful enteric organisms is generally reduced to tol¬ 
erable levels by the percolation of water through 6 or 7 ft of fine-grained soil [5]. How¬ 
ever, as the water passes through the soil, a significant increase in the amounts of 
dissolved salts may occur. These salts are added by soluble products of soil weathering 
and of erosion by rainfall and flowing water. Locations downstream from heavily irri¬ 
gated areas may find that the water they are receiving is too saline for satisfactory crop 
production. These saline contaminants are difficult to control because removal methods 
are exceedingly expensive. A possible solution is to dilute with water of lower salt con¬ 
centration (wastewater treatment plant effluent, for example) so that the average water 
produced by mixing will be suitable for use. 


3.6 Surface Water 

The primary causes of deterioration of surface water quality are municipal and domestic 
wastewater, industrial and agricultural wastes (organic, inorganic, heat), and solid and 
semisolid refuse. A municipality obtaining its water supply from a surface body may 
find its source so fouled by wastes and toxic chemicals that it is unsuitable or too costly 
to treat for use as a water supply. Fortunately, waste products discharged by cities and 
industry are being controlled at the point of initiation. This has been borne out by suc¬ 
cesses in cleaning up such watersheds as the Delaware and Susquehanna in the eastern 
United States. 


HYDROLOGY AND WATER MANAGEMENT 

In the past, water resources engineers and planners focused mainly on the developmental 
aspects of water resources: building dams, canals, distribution networks, and other in¬ 
frastructure elements. Today, management is the byword and it centers on applying both 
structural and nonstmctural measures to problems related to water supply, water alloca¬ 
tion, water quality, floods, droughts, and environmental protection. The emphasis is 
on innovative technical approaches to problem solving, a more holistic view of water 
management, and improved operating efficiency of the water and wastewater systems 
already in place. But regardless of whether the focus is conservation, protection, or 
development, good water management requires an understanding of the hydrology and 
quality of the relevant water sources. 


3.7 The Water Budget 

In theory, accounting for the water resources of an area is relatively simple. The basic 
procedure involves the separate evaluation of each factor in the water budget so that a 
quantitative comparison of the available water resources with the known or anticipated 
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water requirements of the area can be made. In practice, however, the evaluation of the 
water budget is often quite complex, and extensive and time-consuming investigations 
are generally required [6]. 

Both natural and artificial gains and losses in the water supply must be considered. 
The primary natural gains to surface bodies are those that result from direct runoff 
caused by precipitation and effluent seepage of groundwater. Evapotranspiration and 
unrecovered infiltration are the major natural losses. Dependable dry-season supplies 
can be increased through diversion from other areas, through low-flow augmentation, 
through saline-water conversion, and perhaps in the future through induced precipita¬ 
tion. On the other hand, diversions out of the basin will decrease the quantity of water 
available. 

After the gross dependable water supply has been estimated, the net dependable 
supply may be determined at any point of interest by subtracting the quantity used, 
detained, or lost as a result of human activities from the gross supply. When water is 
withdrawn from a river, a decrease in flow between the point of withdrawal and the point 
of return is experienced. As the water is used, part of it will be lost to the atmosphere 
through various forms of consumption. These consumptive losses are cumulative down¬ 
stream and effect a permanent decrease in the dependable water supply. Temporary de¬ 
creases in dependable supply occur along the watercourse between intake and discharge 
points. The dependable supply in the reach of a watercourse between the two points is 
thus diminished by the amount of the withdrawal. 

A water supply may be considered adequate for present needs but inadequate to 
provide for future requirements. In many cases, it is therefore necessary to predict future 
water needs based on estimated changes in population, industrial development, and ag¬ 
ricultural practices and on changes in water policy and technology that will affect the 
supply and use of water. 

In a gross sense, the water budget is given by 

inflows - outflows = change in storage (3.1) 

where the inflows are all sources of water, natural and man-made, entering the region; 
the outflows are all the movements of water out of the region, including evaporation, 
streamflows, etc.; and the change in storage is the increase or decrease in storage over 
time for all natural (surface and underground) and all artificial reservoirs. 

Water consumption and water use are terms that have frequently been employed 
indiscriminately and interchangeably. Several definitions of consumption or consump¬ 
tive use may be found in the literature. A special committee of the American Water 
Works Association defines consumptive use as water used in connection with vegetative 
growth, food processing, or incidental to an industrial process, which is discharged to 
the atmosphere or incorporated in the products of the process [7], A slight modification 
of this definition that includes air-conditioning losses will be adopted here. 

Withdrawal use is the use of water for any purpose that requires that it be physically 
removed from the source. Depending on the use to which the water is put, a significant 
percentage may be returned to the original source and then be available for reuse. 

Nonwithdrawal use is the use of water for any purpose that does not require that it 
be removed from the original source, such as water used for navigation. 
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Certain water losses, although not “consumptive” by definition, may have the effect 
of reducing the available water supply of an area. For example, dead storage (storage 
below outlet elevations) in impoundments is unavailable for downstream use. Diversion 
of water from one drainage basin to another represents an additional form of noncon¬ 
sumptive loss. An example of this is the use of the Delaware River basin for the munici¬ 
pal supply of New York City. This decreases the total flow in the Delaware River below 
the point of diversion. New York is required, however, to augment low flows through 
compensating the downstream interests for diversion losses. Water contaminated or pol¬ 
luted during use that cannot be economically treated for reuse also constitutes a real loss 
from the total supply. 


SURFACE WATER SUPPLIES 

Surface water supplies may be generally categorized as perennial or continuous unregu¬ 
lated rivers, rivers or streams containing impoundments, or natural lakes. Evaluation of 
the surface water resources of an area requires a determination of the general character¬ 
istics of the region. The area should be located geographically on the basis of established 
references. All available data on the climate, hydrology, geology, and topography of the 
area should be accumulated. Information on the type of industrial, agricultural, and resi¬ 
dential development and the predicted growth rates of these factors is necessary. A de¬ 
scription of the principal metropolitan areas and knowledge of the economy of the 
region are also important. An eveiluation of the natural resources of the area and the 
impact of their development on the hydrology and economy of the area is an additional 
requirement. 


3.8 Basin Characteristics Affecting Runoff 

Important natural characteristics of the basin affecting streamflow are the basin’s topo¬ 
graphic and geologic features. 

Topography detemunes the slopes and location of drainage channels and the stor¬ 
age capacity of the basin. Channel slope and configuration are directly related to the rate 
of flow in a basin and the magnitude of the peak flows. A steep watershed will generally 
indicate a rapid rate of runoff with little storage, whereas relatively flat areas are subject 
to considerable storage and lower rates of flow. 

The soils in a basin affect infiltration capacity and the ability of underground strata 
to transmit or hold groundwater. A thorough understanding of the characteristics of the 
underground formations is necessary to evaluate these factors properly. 


3,9 Natural and Regulated Runoff 

Natural runoff is defined as runoff that is unaffected by any other than natural influences. 
Runoff subject to withdrawals by human or artificial storage is defined as regulated 
runoff. If an unregulated stream is to be developed as a primary water source, the safe 
yield will be the lowest dry-weather flow of the stream. Under this condition, the user 
w ^ adequate supply, provided that the maximum requirements do not 

exceed this minimum flow. If during any time interval the expected demands exceed the 
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lowest dry-weather flow, periods of water shortage can be anticipated unless supplemen¬ 
tary supplies are provided. 

Regulated runoff is normally the type of runoff for which information is available, 
although many streams for which runoff records are at hand were unregulated at the 
time they were first gaged. Most records are seriously affected by artificial regulation 
from upstream storage works or by the diversion of flows into or out of the stream at 
points above the gaging station. These withdrawals from the basin or diversions into the 
basin from outside sources affect the hydrology of the basin. Fortunately, diversions and 
withdrawals usually lend themselves to accurate estimates, since they are for specific 
purposes and are gaged or can be measured with little difficulty. 

The safe yield of a stream that is regulated approaches the average annual flow as 
storage approaches full development. Economical yields are between the safe yields for 
unregulated and fully regulated flows. Usually safe yields of 75%-90% of the mean 
annual flow can be realistically developed. Through regulation, the greatest benefits are 
normally derived from a stream and, by means of diversified usage, a method of achiev¬ 
ing the maximum economy in the utilization of the water is provided. 


3.10 Storage 

Water may be stored for single or multiple uses, such as navigation, flood control, hy¬ 
droelectric power, agriculture, water supply, pollution abatement, recreation, and flow 
augmentation. Either surface or subsurface storage can be utilized, but both necessitate 
a reservoir, which affects the hydrology of a basin. 

Reservoirs regulate stream flow for beneficial use by storing water for later release. 
The term regulation can be defined as the amount of water stored or released from 
storage in a period of time, usually one year. The ability of a reservoir to regulate river 
flow depends on the ratio of its capacity to the volume of river flow. Evaluation of the 
regulation provided by existing storage facilities can be made by studying the records 
of typical reservoirs. A representative group of reservoirs having detention periods from 
0.01 to 20 yr is given by Langbein, with the usable capacity, detention period, and an¬ 
nual regulation of each [8], 

About 190 million acre-ft of water, representing approximately 13% of the total 
river flow, has been made available through reservoir storage development in the United 
States [8]. The degree of storage development is exceedingly variable but is generally 
greatest in the Colorado River basin and least in the Ohio River basin. Substantial in¬ 
creases in water supply can be attained through the development of additional storage, 
but water regulation of this type follows a law of diminishing returns. There are limita¬ 
tions on the amount of storage that can be used. The storage development of the Colo¬ 
rado River basin, for example, may be approaching (if not already in excess of) the 
maximum useful limit. 


RESERVOIRS 

Where natural storage in the form of ponds or lakes is not available, artificial impound- 
inents or reservoirs must often be constructed if optimum development of the surface 
supply is to be obtained. 
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3.11 Determination of Required Reservoir Capacity 

The amount of storage that must be provided is a function of the expected demands and 
the inflow to the impoundment. Mathematically this may be stated as follows: 


^S = I - O 

where 

45 = change in storage volume during a specified time interval 
I = total inflow volume during this period 
O = total outflow volume during this period 


(3.2) 


Normally, 0 will be the draft requirement imposed by the various types of use, but it 
may also include evaporation and transpiration and flood discharges during periods of 
high ranoff when inflow may greatly exceed draft plus available storage and outflow 
seepage from the bottom or sides of the reservoir. 

Because the natural inflow to any impoundment area is often highly variable from 
year to year, season to season, or even day to day, it is obvious that the reservoir function 
must be that of redistributing this inflow with respect to time so that the projected de¬ 
mands are satisfied. 


3.12 Classical Method of Computation 

Several approaches may be taken in the selection of reservoir capacities. Actual or syn¬ 
thetic records of streamflow and a knowledge of the proposed operating rules of the 
reservoir are fundamental to all solutions. Determination of storage may be accom¬ 
plished by either graphical or analytical techniques. 

Historically, one of the most used methods of determining storage has been the 
selection of some low-flow period considered to be critical. The most severe drought of 
record might be selected, for example. Once the critical period is chosen, storage is 
usually calculated by the mass-curve analysis introduced in 1883 by Rippl [9]. This 
method evaluates flie cumulative deficiency between outflow and inflow (O — I) and 
selects the maximum cumulative value as the required storage. Examples 3.1 and 3.2 
illustrate the procedure. 

® example 3.1 Find the storage capacity required to provide a safe yield of 67,000 
acre-ft/yr for the data given in Fig. 3.3. 

Solution: Construct tangents at A. B, and C having slopes equal to 67,000 acre-ft/yr. 
Find the maximum vertical ordinate between the inflow mass curve and the constructed 
draft rates. From Fig. 3.3 the maximum ordinate is found to be 38,000 acre-ft, which is 
the required capacity. — 

^ This example shows that the magnitude of the required storage capacity depends 
en^ely on the time period chosen. Since the period of record given covers only 5.5 yr, 
it is clear that a design storage of 38,000 acre-ft might be totally inadequate for the next 
3 yr, for example. Unless the frequency of the flow conditions used in the design is 
known, litde can be said regarding the long- or short-term adequacy of the design. 
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Figure 3.3 Reservoir capacity for a specified yield as determined by 
use of a mass curve. 


Example 3.1 also illustrates the fact that the period during which storage must be 
provided is dependent on hydrologic conditions. Since reservoir yield is defined as the 
amount of water that can be supplied during a specific time interval, choice of the inter¬ 
val is critical. For distribution reservoirs, a period of 1 day is often sufficient. For large 
impounding reservoirs, periods of several months, a year, or several years may be 
required. 

■ EXAMPLE 3.2 Consider an impounding reservoir that is expected to provide for a 
constant draft of 448 million gallons (mil gal)/mi^/yr. The following record of monthly 
mean inflow values is representative of the critical or design period. Find the storage 
requirement. 

Month _ FMAMJJAS O N D J F 

Observed inflow 31 54 90 10 7 8 2 28 42 108 92 22 50 

(mil gal/mi^/month) 

Solution: Set up the tabulation of values shown in Table 3.2. It can be seen that the 
maximum cumulative deficiency is 131.5 mil gal/mi^, which occurs in September. The 
number of months of draft is 131.5/37.3 = 3.53, or, stated differently, enough water 
must be stored to supply the region for about 3.5 months. P 
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Table 3.2 Storage Requirement Computations 


MONTH 

INFLOW/ 
(mil gal/ 
miVmontii) 

DRAFT <5 
(mil gal/ 
miVmonth) 

CUMULATIVE 
INFLOW E/ 

DEFICIENCY, 

O-I 

CUMULATIVE 
DEFICIENCY," 
S(/ - 0) 

F 

31 

37.3 

31 

6.3 

6.3 

M 

54 

37.3 

85 

-16.7 

0 

A 

90 

37.3 

175 

-52.7 

0 

M 


37.3 

185 

27.3 

27.3 

J 

7 

37.3 

192 

30.3 

57.6 

J 

8 

37.3 

200 

29.3 

86.9 

A 

2 

37.3 

202 

35.3 

122.2 

S 

28 

37.3 

230 

9.3 

131.5 

0 

42 

37.3 

272 

-4.7 

126.8 

N 


37.3 

380 

-70.7 

56.1 

D 

98 

37.3 

478 

-60.7 

0 

J 

22 

37.3 

500 

15.3 

15.3 

F 


37.3 

550 

-12.7 

2.6 


“Only positive values of cumulative deficiency are tabulated 


This example gives a numerical answer to the question posed in determining a stor¬ 
age design. It does not, however, give an expression for the probabilities of the shortages 
or excesses that may result from this design. Past practice has been to use the lowest 
recorded flow of the stream as the critical period. Obviously, this approach overlooks 
the possibility that a more serious drought might occur, with a resultant yield less than 
the anticipated safe yield. 


3.13 Frequency of Extreme Events 

If a hydrologic event has a true recurrence interval of years, the probability that this 
magnitude will be equaled or exceeded in any particular year is 

P = -^ (3.3) 

•» A 

where is the recurrence interval of the event. Recurrence interval is defined as the 
average interval in years between the occurrence of an event of stated ma gni tude and an 
equal or more serious event. 

Both annual series and partial duration series are used in estimating the recurrence 
intervals of extreme events [6]. An annual series is composed of one si gnif ic an t event 
for each year of record. The nature of the event depends on the object of the study. 
Usually the event will be a maximum or minimum flow. A partial duration series con¬ 
sists of all events exceeding, in significance, a base value. The two series compare fa¬ 
vorably at the larger recurrence intervals, but for the smaller recurrence intervals, the 
partial duration series will normally indicate events of greater magni tude. 
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Table 3.3 Probability That an Event Having a Prescribed Recurrence Interval Will 
Be Equaled or Exceeded During a Specified Design Period_ 


DESIGN PERIOD (yr) 




5 

10 

25 

50 

100 

1 

1.0 

1.0 


1.0 

1.0 

l.O 

2 




1.0" 

1.0" 

1.0" 

5 

0.2 


0.89 

0.996 

1.0" 

l.O" 

10 

0.1 

0.41 

0.65 

0.93 

0.995 

1.0" 

50 

0.02 

0.10 

0.18 

0.40 

0.64 

0.87 

100 

0.01 

0.05 

0.10 

0.22 

0.40 

0.63 

200 

0.005 

0.02 

0.05 

0.12 

0.22 

0.39 


“Values are approximate. 


There are two possibilities regarding an event: it either will or will not occur in a 
specified year. The probability that at least one event of equal or greater significance 
than the Tt-year event will occur in any series of N years is shown in Table 3.3. For 
example, there exists a probability of 0.22 that the 100-yr event will occur in a design 
period of 25 yr. 

Table 3.3 was derived by means of the binomial distribution, which gives the proba¬ 
bility p(X', N) that a particular event will occur X times out of N trials as 


piX; N) = (1 - 

(n\ ^ N\ 

\x) xw-xy. 


(3.4) 


where P is the probability that an event will occur in each individual trial (P = l/T^ in 
this case). Now, if we let the number of occurrences equal zero (X = 0) in a given period 
of years N (number of trials) and substitute this value in Eq. 3.4, the result is 


pio- N) = (\ - py 


(3.5) 


This is the probability of zero events equal to or greater than the T/j-year event. TTien the 
probability Z that at least one event equal to or greater than the T R-year event will occur 
in a sequence of N years is given by 


Z = 



(3.6) 


Solution of Eq. (3.6) for various values of N and Tr provided the data for Table 3.3. 


3.14 Probabilistic Mass Type of Analysis 

Low-flow information is the basis for reservoir design and for studies of the waste- 
assimilative capacity of streams. For example, a customary critical period used by water 
quality personnel is the average low flow for 7 consecutive days occurring on the aver- 
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age of once in 10 yr. For reservoir design, the critical period will usually be measured 
in months or even years and return periods are normally on the order of 20,50, or 100 yr. 

Information on the probability of occurrence of droughts of various severities dur¬ 
ing any single year or during any specified period of years can be developed from cli¬ 
matological and hydrologic records. Using such information, the engineer can gain 
considerable insight into the risks associated with reservoir development. A knowledge 
of these risks permits an estimate of the numerical odds for any specified yield. The 
designer may thus evaluate the performance of the reservoir under any set of risks he 
chooses. 

In designing a reservoir to m§et a specific draft, certain basic information must be 
at hand. First, the duration of the low-flow or critical period of design must be known. 
Second, the magnitude of the critical low flow must be determined. Third, the frequency 
of occurrence of the critical event must be known. 

The question of the critical period can be answered by experimenting with a num¬ 
ber of low-flow durations and then selecting, by judgment or by policy, some duration 
with which to work. From existing or synthetic streamflow data, a series of magnitudes 
of critical flows for the specified duration can be obtained. This information answers the 
question of magnitude. Finally, by assigning recurrence intervals to critical events, the 
frequency of events can be established. 

3.15 Losses From Storage 

The design of an impounding reservoir must include an evaluation of storage losses that 
may result from natural or artificial phenomena. Natural losses occur through evapora¬ 
tion, seepage, and siltation, while artificial losses are usually the product of withdrawals 
made to satisfy prior water rights. 

Once a dam has been built and the impoundment filled, the exposed water-surface 
area is increased significantly over that of the natural stream. The resultant effect is that 
losses are incurred through increased evaporation. In addition, the opportunity for the 
derivation of runoff from the flooded land is eliminated. On the credit side, gains are 
made through the catchment of direct precipitation. These phenomena are commonly 
known as the water-surface effect. Net gains, then, usually result in well-watered re¬ 
gions. In arid lands, losses are the typical outcome, since evaporation generally exceeds 
precipitation. 

The magnitude of seepage losses depends mainly on the geology of the region. If 
porous strata underlie the reservoir valley, considerable losses can occur. On the other 
hand, where permeability is low, seepage may be negligible. A thorou gh subsurface 
exploration is a prerequisite to the adequate evaluation of such losses. 

Sedimentation studies are valuable in planning for the development of surface water 
supplies by impoundment [3,8,10]. Since the useful life of a reservoir will be materially 
affected by the deposition of sediment, a knowledge of sedimentation rates is important 
in reaching a decision regarding the feasibility of its construction. 

The rate and characteristic of the sediment inflow can be controlled by using sedi¬ 
mentation basins, providing vegetative screens, and by employing various erosion con¬ 
trol techniques [3]. Dams can be designed so that part of the sediment load can be passed 
through or over them. A last resort is the physical removal of sediment deposits. Nor¬ 
mally this is not economically feasible. 
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Figure 3.4 Relationship between reservoir sediment trap efficiency and the 
capacity/inflow ratio. [Developed from data by G. M. Bruce, “Trap Efficiency of 
Reservoirs,” Trans. Am. Geophys. Union 54 (1953): 407-418.] 


■ EXAMPLE 3.3 Determine the expected life of the Lost Valley Reservoir. The initial 
capacity of the reservoir is 45,000 acre-ft. and the average annual inflow is 76,000 
acre ft. A sediment inflow of 176 acre-ft/yr is reported. Assume that the useful life of 
the reservoir is exceeded when 77.8% of the original capacity is lost. 

Solution: The solution is obtained through application of the data given in Fig. 3.4. 
The results are tabulated in Table 3.4. ■ 


Table 5.^ Determination of Probable Life of the Lost Valley Reservoir 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 







NUMBER OF 





average 


YEARS RE¬ 




PERCENT 

PERCENT 

ACRE-FT 

QUIRED TO 

RESERVOIR 

VOLUME 

CAPACITY/ 

SEDIMENT 

SEDIMENT 

SEDIMENT 

FILL THE 

INCRE¬ 

INFLOV/ 

TRAPPED, TRAPPED PER 

TRAPPED 

VOLUME IN¬ 

CAPACITY 

MENT 

RATIO: 

FROM 

VOLUME 

ANNUALLY: 

CREMENT; 

(acre-ft) 

(acre-ft) 

(1) ^ 76,000 

HG. 3.4 

INCREMENT 

(5) X 176 

(2) - (6) 

45,000 

5000 

0.59 

96.5 




40,000 

5000 

0.52 

96.1 

96.3 

169 

30 

35,000 

5000 

0.46 

95.8 

95.9 

169 

30 

30,000 

5000 

0.39 

95.0 

95.4 

168 

30 

25,000 

5000 

0.33 

94.5 

94.7 

167 

30 

20,000 

5000 

0.26 

93.0 

93.8 

165 

30 

15,000 

. 5000 

0.20 

92.0 

92.5 

163 

31 

10.000 

5000 

0.13 

88.0 

90.0 

158 

32 


Total number of years of useful life 213 
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Problems of the type illustrated in Examples 3.2 and 3.3 are especially suited to the 
use of spreadsheet analyses such as those facilitated by Lotus 1-2-3 and Quattro Pro. 
These and other powerful analytic tools offer the opportunity of quick adjustments to 
parameters and speedy recalculation of values. 


GROUNDWATER 

Groundwater storage is considerably in excess of all artificial and natural surface storage 
in the United States, including the Great Lakes [3]. This enormous groundwater reserve 
sustains the continuing outflow of streams and lakes during prolonged periods, which 
often follow the relatively few runoff-producing rains each year. However, the relation 
between groundwater and surface storage is one of mutual interdependence. For ex¬ 
ample, groundwater intercepted by wells as it moves toward a stream represents a real 
diversion just as if the water had actually been taken from the stream. 

Increased usage and development of groundwater supplies have stimulated the 
search for laiowledge regarding the occurrence, origin, and movement of these sup¬ 
plies. The study of groundwater is complex, because groundwater location and move¬ 
ment are determined primarily by the geology of the area. This geologic role cannot be 
overemphasized. 

Practically all groundwater can be considered part of the hydrologic cycle, even 
though small amounts may enter the cycle from other origins. Connate water, water 
entrapped in the pores of sedimentary rock at the time of deposition, is an example. 


3.16 The Subsurface Distribution of Water 

Groundwater distribution may be generally categorized into zones of aeration and satu¬ 
ration. The saturation zone is one in which all the voids are filled with water under 
hydrostatic pressure. The aeration zone, in which the interstices are filled partly with air 
and partly with water, may be subdivided into several subzones. Todd classifies these as 
follows [10, 11]: 

1. The soil-water zone begins at the ground surface and extends downward through 
the major root zone. Its total depth is variable and dependent on soil type and 
vegetation. The zone is unsaturated except during periods of heavy infiltration. 
Three categories of water classification may be encountered in this region: hygro¬ 
scopic water, which is adsorbed from the air; capillary water, which is held by 
surface tension; and gravitational water, which is excess soil water draining 
through the soil. 

2. The intermediate zone extends from the bottom of the soil-water zone to the top 
of the capillary fringe and may vary from nonexistence to several hundred feet in 
thickness. The zone is essentially a connecting link between the near-ground 
surface region and the near-water table region through which infil trating waters 
must pass. 

3. The capillary zone extends from the water table to a height determined by the 
capillary rise that can be generated in the soil. The cap illar y zone thickness is a 
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function of soil texture and may vary not only from region to region but also 
within a local area. 

4 . At the groundwater zone, groundwater fills the pore spaces completely, and po¬ 
rosity is therefore a direct measure of storage volume. Part of this water (specific 
retention) cannot be removed by pumping or drainage because of molecular and 
surface-tension forces. The specific retention is the ratio of the volume of water 
retained against gravity drainage to the gross volume of the soil. 

The water that can be drained from a soil by gravity is known as the specific yield. 
It is expressed as the ratio of the volume of water that can be drained by gravity to the 
gross volume of the soil. Values of specific yield are dependent on soil particle size, 
shape and distribution of pores, and degree of compaction of the soil. Average values of 
specific yield for alluvial aquifers range from 10% to 20%. Meinzer and others have 
proposed numerous procedures for determining specific yield [12]. 


3.17 Aquifers 

An aquifer is a water-bearing stratum or formation capable of transmitting water in 
quantities sufficient to permit development. Aquifers may be considered as failing into 
two categories, confined and unconfined, depending on whether or not a water table or 
free surface exists under atmospheric pressure. The storage volume within an aquifer is 
changed whenever water is recharged to or discharged from an aquifer. In the case of an 
unconfined aquifer, this may be easily determined as 

A5 = 5, AV (3.7) 

where 

A5 = change in storage volume 
5v = average specific yield of the aquifer 
AV = volume of the aquifer lying between the original water 
table and the water table at a later, specified time 

For saturated, confined aquifers, pressure changes produce only slight changes in 
storage volume. In this case, the weight of the overburden is supported partly by hydro¬ 
static pressure and partly by the solid material in the aquifer. When the hydrostatic 
pressure in a confined aquifer is reduced by pumping or other means, the load on the 
aquifer increases, causing its compression, with the result that some water is forced from 
it. Decreasing the hydrostatic pressure also causes a small expansion, which in turn 
produces an additional release of water. For confined aquifers, the water yield is ex¬ 
pressed in terms of a storage coefficient 5^. This storage coefficient may be defined as 
the volume of water that an aquifer takes in or releases per unit surface area of aquifer 
per unit change in head normal to the surface. Figure 3.5 illustrates the classifications of 
aquifers. 

In addition to water-bearing strata exhibiting satisfactory rates of yield, there are 
also non-water-bearing and impermeable strata. An aquiclude is an impermeable stratum 




(b) 

Figure 3.5 Definition sketches of gtoundwater systems and mechanisms for 
recharge and withdrawal, (a) Aquifer notation [13]. (b) Components of the 
hydrologic cycle affecting groundwater [14]. 
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that may contain large quantities of water but whose transmission rates are not high 
enough to permit effective development. An aquifuge is a formation that is impermeable 
and devoid of water. 


3.18 Fluctuations in Groundwater Level 

Any circumstance that alters the pressure imposed on underground water will also cause 
a variation in the groundwater level. Seasonal factors, changes in stream and river 
stages, evapotranspiration, atmospheric pressure changes, winds, tides, external loads, 
various forms of withdrawal and recharge, and earthquakes all may produce fluctuations 
in the level of the water table or the piezometric surface, depending on whether the 
aquifer is free or confined [10]. It is important that the engineer concerned with the 
development and utilization of groundwater supplies be aware of these factors. He or 
she should also be able to evaluate their importance relative to the operation of a specific 
groundwater basin. 


3.19 Safe Yield of an Aquifer 

The development engineer must be able to determine the quantity of water that can be 
produced from a groundwater basin in a given period of time. The engineer must also 
be able to evaluate the consequences of imposing various drafts on the underground 
supply. A knowledge of the safe yield of an aquifer is therefore exceedingly important. 
Following are pertinent definitions; 

1. The safe yield is the quantity of water that can be withdrawn annually without the 
ultimate depletion of the aquifer. 

2. The maximum sustained yield is the maximum rate at which water can be with¬ 
drawn on a continuing basis from a given source. 

3. The permissive sustained yield is the maximum rate at which withdrawals can be 
made legally and economically on a continuing basis for beneficial use without 
the development of undesired results. 

4. The maximum mining yield is the total storage volume in a given source that can 
be withdrawn and used. 

5. The permissive mining yield is the maximum volume of water that can be with¬ 
drawn legally and economically, to be used for beneficial purposes, without caus¬ 
ing an undesired result. 

After studying these definitions, the reader should note that extreme caution must 
be exercised in the development and utilization of groundwater resources. These re¬ 
sources are finite and not inexhaustible. If drafts are imposed so that the various recharge 
mechanisms will balance them over a period of time, no difficulty will result. On the 
other hand, excessive drafts may reduce underground storage volumes to a point at 
which economic development is no longer feasible. The mining of water, d& with any 
other natural resource, will ultimately result in exhaustion of the supply. Figure 3.6 
indicates areas in the United States where perennial overdrafts occur [3,10]. 
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Figure 3.6 Groundwater reservoirs with perennial overdraft. [From H. E. 
Thomas, “Water," in The YearbooH of Agriculture (Washington, D.C.; U.S. 
Government Printing Office, 1955).] 


Methods for determining the safe yield of an aquifer have been proposed by Hill, 
Harding, Simpson, and others [10]. The Hill method based on groundwater studies in 
southern California and Arizona will be presented here. In this method, the annual 
change in groundwater table elevation or piezometric surface elevation is plotted against 
the annual draft. The points can be fitted by a straight line, provided that the water supply 
to the basin is fairly uniform. 

The draft that corresponds to zero change in elevation is considered the safe yield. 
The period of record should be such that the supply during this period approximates the 
long-time average supply. Even though the draft during the period of record may be an 
overdraft, the safe yield can be determined by extending the line of best fit to an inter¬ 
section with the zero change in elevation line. An example of this procedure is given in 


It shoifid be noted that the safe yield of a groundwater basin may be variable with 
time. T^s is because the groundwater basin conditions under which the safe yield was 
determined are subject to change, and these changes will be reflected in the modified 
vaJLue of the safe yield. 
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method. 


3.20 Groundwater Flow 


The rate of movement of water through the ground is of an entirely different magnitude 
than that through natural or artificial channels or conduits. Typical values range from 
5 ft/day to a few feet per year. Methods for determining these transmission rates are 
primarily based on the principles of fluid flow represented by Darcy's law. Mathemati¬ 
cally, this law may be stated as 


where 


V = kS 


(3.8) 


V = velocity of flow 

k = coefficient having same units as velocity 
S = slope of hydraulic gradient 

Darcy’s law is limited in its applicability to flows in the laminar region. The con¬ 
trolling criterion is the Reynolds number. 



where 

V = flow velocity 

d = mean grain diameter 

V = kinematic viscosity 


(3.9) 


For Reynolds numbers of less than unity, groundwater flow may be considered laminar. 
Departure from laminar conditions develops normally in the range of Reynolds numbers 
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from 1 to 10, depending on grain size and shape. Under most conditions, with the ex¬ 
ception of regions in close proximity to collecting devices, the flow of groundwater is 
laminar and Darcy’s law applies. 

flEXAMPLE 3.4 

1. Find the Reynolds number for the portion of an aquifer distant from any collec¬ 
tion device where water temperature is 50“F {v = 1.41 X 10~= ftVs), flow ve¬ 
locity is 1.0 ft/day, and mean grain diameter is 0.09 in. 

2. Find the Reynolds number for a flow 4 ft from the centerline of a well being 
pumped at a rate of 3800 gpm if the well completely penetrates a confined aqui¬ 
fer 28 ft thick. Assume a mean grain diameter of 0.10 in., a porosity of 35%, and 
V = 1.41 X 10-^ ft"/s. 

Solution: 

1. Using Eq. (3.9), we obtain 


where 

V 

Nh 


2. Using Eq. (3.9) yields 

Vd^Qd 
V Av 

3800 X 2.23 X 10-3 = 8.46 cfs 
8.46/27r rh X porosity 
SAe/Sir X 28 X 0.35 
0.0344 fps 
0.0344 X 0.10 

1.41 X 10-3 X 12 ~ (beyond Darcy’s law range) 

To compute discharge, it is necessary to multiply Eq. (3.8) by the effective cross- 
sectional area. The equation then becomes 

Q = pAkS (3.10) 

where 

p — porosity or ratio of void volume to total volume of the mass 
A = gross cross-sectional area 


Q = 
v = 


Yd 

N„ = — 

V 


1.0 


86,400 

1.0 


fps d^ — 


. 0.09, 

d = -ft 

12 

1 


0.09 

86,400 12 ^ 1.41 X 10-3 

= 0.0062 (including laminar flow) 
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and the other terms are as previously defined. By combining k and p into a single term. 
Eq. (3.10) may be written in its most common form, 

Q = KAS (3.11) 

where K is known as the coefficient of permeability. A number of ways of expressing K 
may be found in the literature. The U.S. Geological Survey defines the standard coeffi¬ 
cient of permeability Ks as the number of gallons of water per day that will flow through 
a medium of 1-ft^ cross-sectional area under a hydraulic gradient of unity at 60°F. The 
field coefficient of permeability is obtained directly from the standard coefficient by 
correcting for temperature; 


where 


Kj= Ks 


P-bO 

Pf 


Kf == field coefficient 
jUfio = dynamic viscosity at 60° F 
Pf = dynamic viscosity at field temperature 


(3.12) 


An additional term that is much used in groundwater computations is the coefficient of 
transmissibility T. It is equal to the field coefficient of permeability multiplied by the 
saturated thickness of the aquifer in feet. Using this terminology, Eq. (3.10) may also be 
written 


Q = T X section width X S (3.13) 

Table 3.5 gives typical values of the standard coefficient of permeability for a range 
of sedimentary materials. It should be noted that the permeabilities for specific materials 
vary widely. Traces of silt and clay can significantly decrease the permeability of an 
aquifer. Differences in particle orientation and shape can cause striking changes in per¬ 
meability within aquifers composed of the same geologic material. Careful evaluation 
of geologic information is absolutely essential if realistic values of permeability are to 
be used in groundwater flow computations. 


Table 3.5 The Standard Coefficient of Permeability for Various Materials 
Typical Values ___ 

APPROXIMATE 
RANGE INK, 


MATERIAL (gpd/ft^) 


I Clean gravel 10^-10^ 

II Clean sands; mixtures of clean sands and gravels 10*-10 

III Very find sands; silts; mixtures of sand, silt, and clay; stratified 10-10"’ 

clays, etc. 

IV Unweathered clays 10"’-10"* 
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3.21 Hydraulics of Wells 

The collection of groundwater is accomplished primarily through the constmction of 
wells or infiltration galleries. Numerous factors are involved in the numerical estimation 
of the performance of these collection works. Some cases are amenable to solution 
through the utilization of relatively simple mathematical expressions. Other cases can 
be solved only through graphical analysis or the use of various kinds of models. Several 
of the less difficult cases will be discussed here. The reader is cautioned not to be misled 
by the simplicity of some of the solutions presented and should observe that many of 
these are special-case solutions and are not indiscriminately applicable to all ground- 
water flow situations. A more thorough treatment of groundwater and seepage problems 
may be found in numerous references [10,15,16]. 

Flow to Wells 

A well system may be considered to be composed of three elements—the well structure, 
the pump,‘and the discharge piping. The well itself contains an open section through 
which flow enters and a casing through which the flow is transported to the ground 
surface. The open section is usually a perforated casing or a slotted metal screen that 
permits the flow to enter and at the same time prevents collapse of the hole. Occasionally 
gravel is placed at the bottom of the well casing around the screen. 

When a well is pumped, water is removed from the aquifer immediately adjacent to 
the screen. Flow then becomes established at locations some distance from the well in 
order to replenish this withdrawal. Owing to the resistance to flow offered by the soil, a 
head loss is encountered and the piezometric surface adjacent to the well is depressed. 
This is known as the cone of depression (Fig. 3.8). The cone of depression spreads until 
a condition of equilibrium is reached and steady-state conditions are established. 

The hydraulic characteristics of an aquifer (which are described by the storage co- 
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efficient and the aquifer permeability) may be determined by laboratory or field tests. 
The three most commonly used field methods are the application of tracers, use of field 
permeameters, and aquifer performance tests [3, 10]. A discussion of aquifer perfor¬ 
mance tests will be given here along with the development of flow equations for wells. 

Aquifer performance tests may be classified as either equilibrium or nonequilibrium 
tests. In the former, the cone of depression must be stabilized for the flow equation to 
be derived. In the latter, the derivation includes the condition that steady-state conditions 
have not been reached. Thiem published the first performance tests based on equilibrium 
conditions in 1906 [17]. 

The basic equilibrium equation for an unconfined aquifer can be derived using the 
notation of Fig. 3.8. In this case, the flow is assumed to be radial, the original water 
table is considered horizontal, the well is considered to fully penetrate the aquifer of 
infinite areal extent, and steady-state conditions must prevail. Then the flow toward the 
well at any location x from the well must equal the product of the cylindrical element of 
area at that section and the flow velocity. Using Darcy’s law, this becomes 


where 


Q 


iTTxyKf ^ 
ax 


iTTxy 
Kf dy/dx 

Q 


area at any section 
flow velocity 
discharge, cfs 


(3.14) 


Integrating over the limits specified below yields 


f''2 dx 

Q- = 27 rKj\ ydy 

J/"! X 

(3.15) 


(3.16) 

and 


ttKM - h]) 

Wz/ri ) 

(3.17) 

This equation may then be solved for Kj to yield 


„ 1055Q log(r2/r,) 

hi-h\ 

(3.18) 


w'here In has been converted to log. A} is in gallons per day per square foot, Q is in 
gallons per minute, and r and h are measured in feet. If the drawdown is small compared 
with the total aquifer thickness, an approximate formula for the discharge of the pumped 
well can be obtained by inserting h„ for hi and the height of the aquifer for hz in 
Eq. (3.17). 

The basic equilibrium equation for a confined aquifer can be obtained in a similar 
manner, using the notation of Fig. 3.9. The same assumptions apply. Mathematically, 
the flow in cubic feet per second may be determined as follows; 


(3.19) 
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Integrating, we obtain 

Q = Iv-Kfin ~ \ (3.20) 

ln(r2/ri) 

The coefficient of permeability may be determined by rearranging Eq. 3.20 to the form 

528(2 log(r2/r.) 

-~77 TT— (3.Z1J 

m(/i2 - h{) 

where Q is in gallons per minute, Kj is the permeability in gallons per day per square 
foot, and r and h are measured in feet. 

■ EXAMPLE 3.5 Determine the permeability of an artesian aquifer being pumped by a 
fully penetrating well. The aquifer is composed of medium sand and is 90 ft thick. The 
steady-state pumping rate is 850 gpm. The drawdown of an observation well 50 ft away 
is 10 ft, and the drawdown in a second observation well 500 ft away is 1 ft. 

Solution: 


^ ^ 528(2 log(^2/ri) 

^ mihz - hx) 

_ 528 X 850 X log(lO) 

90 X (10 - 1) 

= 554 gpd/ft^ I 

® 18-in. well fully penetrates an unconfined aquifer of lOO-ft depth. 

Two observation wells located 1(X) and 235 ft from the pumped well have drawdowns 
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of 22.2 and 21 ft, respectively. If tlie flow is steady and Kf = 1320 gpd/ft^, what would 
be the discharge? 

Solution: Equation (3.18), solved for Q, is applicable; 

^ K, m - hj) 

^ 1055 log(ri/r,) 

logCra/r,) = log(235/100) = 0.37107 
/ja = 100 - 21 = 79 ft 
/i, = 100 - 22.2 = 77.8 ft 
1320(79" - 77.8") 

^ 1055 X 0.37107 

= 634.44 gpm ■ 


For a steady-state well in a uniform flow field where the original piezometric sur¬ 
face is not horizontal, a somewhat different situation than that previously assumed pre¬ 
vails. Consider the artesian aquifer shown in Fig. 3.10. The heretofore assumed circular 
area of influence becomes distorted in this case. This problem may be solved by appli¬ 
cation of potential theory or by graphical means; or, if the slope of the piezometric 
surface is very slight, Eq. (3.20) may be applied without serious error. 

Referring to the definition sketch of Fig. 3.10, a graphical solution to this type of 
problem will be discussed. First, an orthogonal flow net consisting of flow lines and 
equipotential lines must be constructed. The construction should be performed so that 
the completed flow net will be composed of a number of elements that approach little 
squares in shape. Harr [15] is a good source of information on this subject for the inter¬ 
ested reader. A comprehensive discussion cannot be provided here. 

Once the net is complete, it may be analyzed by considering the net geometry and 
using Darcy’s law in the manner of Todd [10]. In the definition sketch of Fig. 3.10, the 
hydraulic gradient is 


h. 


M 

As 


and the flow increment between adjacent flow lines is 


Aq 


As 


(3.22) 


(3.23) 


where, for a unit thickness. Am represents the cross-sectional area. If the flow net is 
properly constmcted so that it is orthogonal and composed of little square elements, 

Am *=* As (3.24) 

and 

Aq = KAh (3.25) 

Now consider the entire flow net. 



n 



i 
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k — 




Figure 3.10 Well in a uniform flow field and flow-net definition. 


where n is the number of subdivisions between equipotential lines. If the flow is divided 
into m sections by the flow lines, the discharge per unit width of the aquifer will be 


4 ? 


Kmh 

n 


(3.27) 


Knowledge of the aquifer permeability and the flow-net geometry permits solution of 
Eq. (3.27). 

■ EXAMPLE 3.7 Find the discharge to the well of Fig. 3.10 by using the applicable 
tow net. Consider that the aquifer is 35 ft thick, Kf is 3.65 X lO--* ^s, and the other 
flimensi^ns are as shown.. 
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Solution: Using Eq. (3.28), 

Kmh 

q = - 

n 

where 

/i = (35 + 25) = 60 ft 
m = 2 X 5 = 10 
n = 14 

3.65 X lO--* X 60 X 10 
«-- 

= 0.0156 cfs per unit thickness of the aquifer 
The total discharge Q is thus 

2 = 0.0156 X 35 = 0.55 cfs or 245 gpm ■ 


When a new well is first pumped, a large portion of the discharge is produced di¬ 
rectly from the storage volume released as the cone of depression develops. Under these 
circumstances, the equilibrium equations overestimate permeability and therefore the 
yield of the well. Where steady-state conditions are not encountered—as is usually the 
case in practice—a nonequilibrium equation must be used. Two approaches can be 
taken: the rather rigorous method of Theis or a simplified procedure such as that pro¬ 
posed by Cooper and Jacob [18,19]. 

In 1935, Theis published a nonequilibrium approach that takes into consideration 
time and the storage characteristic of the aquifer [18]. His method utilizes an analogy 
between heat transfer described by the Biot-Fourier law and groundwater flow to a well. 
Theis states that the drawdown s in an observation well located at a distance r from the 
pumped well is given by 


s 


Q r”e-« 

47rr Ju u 


(3.28) 


in which Q = (constant) pumping rate (L^7^‘ units), T = aquifer transmissivity (L^T^* 
units), and m is a dimensionless variable defined by 


u = r^ 


A 

4tT 


(3.29) 


where r is the radial distance from the pumping well to an observation well. Sc is the 
aquifer storativity (dimensionless), and t is time. The integral in Eq. (3.28) is usually 
known as the well function of u and is commonly written as W(m). It can be evaluated 
from the infinite series 


2 3 

=-0.577216 - log,« +H - -•• • 

Using this notation, Eq. (3.28) can be written as 


QW(u) 

4itT 


(3.30) 


s = 


(3.31) 
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The basic assumptions employed in the Theis equation are essentially the same as those 
for the Thiem equation except for the non-steady-state condition. Some values of the 
well function are given in Table 3.6. 

In American practice, Eqs. (3.28) and (3.29) commonly appear in the following form: 


s = 


114.6<2 r"e-“ , 
—-— —du 

T Ju u 


(3.32) 


u = 


L87 

Tt 


(3J3) 


where T is given in units of gpd/ft, Q has units of gpm, and t is the time in days since 
the start of pumping. 

Equations (3.28) and (3.29) can be solved by comparing a log-log plot of u versus 
^(w), known as a “type curve,” with a log-log plot of the observed data r^t versus s. 
In plotting the type curve, W{u) is the ordinate and u is the abscissa. The two curves are 
superimposed and moved about until some of their segments coincide. In doing this, the 
axes must be maintained parallel. A coincident point is then selected on the matched 
curves and both plots are marked. The type curve then yields values of u and W(u) for 
the selected point. Corresponding values of s and rVt are determined from the plot of 
the observed data. Inserting these values in Eqs. (3.28) and (3.29) and rearranging, val¬ 
ues for the transmissibility T and the storage coefficient Sc may be found. 

Often, this procedure can be shortened and simplified. When r is small and t large, 
Jacob found that values of u are generally small [19]. Thus, the terms in the series of 
Eq. (3.30) beyond the second term become negligible and the expression for T becomes 


264g(logr2 - log A) 

ho - h 


which can be further reduced to 


(3.34) 


where 


A/i 

A /2 = drawdown per log cycle of time, Qio — h)/(\og t 2 ~ log ti) 
Q = well discharge, gpm 


(3.35) 


ho and h are defined as shown in Fig. 3.9, and T is the transmissibility in gallons per day 
per foot. Field data on drawdown ho — h versus t are plotted on semilogarithmic paper. 
The drawdown is plotted on the arithmetic scale as shown in Fig. 3.11. This plot forms 
a straight line, the slope of which permits the determination of the formation constants 
using Eq. (3.36) and 


5c = 


Q3Tto 


where to is the time that corresponds to zero drawdown. 


(3.36) 
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* the data given in Fig. 3.11, find the coefficient of trans- 

missibility T and the storage coefficient Sc for the aquifer, given Q = 1000 gpm and 
r = 300 ft. 

Solution: Find the value of ^h from the graph. This is 5.3 ft. Then, using Eq. (3.35), 
we obtain 

T = —^ = 264 X 1000 
M 5.3 

= 49,800 gpd/ft 
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Using Eq. (3.36) yields 


5. = 


0.37’fo 


Note from Fig. 3.11 that to = 2.6 min. When we convert to days, this becomes 

to = 1.81 X 10~^ day 
and 


5 . = 


0.3 X 49,800 X 1.81 X 10-3 


( 300)2 


= 0.0003 


■ EXAMPLE 3.9 Find the drawdown at an observation point 200 ft away from a 
pumping well. Given that 7 = 3.0 X 10^ gpd/ft, the pumping time is 12 days. Sc = 
3 X lO"'', and Q = 300 gpm. 

Solution; From Eq. (3.28), u can be computed; 


u 


1.87 X (200)2 X 3 X 10--* 
3 X 10^ X 12 


= 6.23 X 


10-3 


Referring to Table 3.6 and interpolating, we estimate W(u) to be 9.1. Then, by 
Eq. (3.29), the drawdown is found to be 


s = 


114.6 X 9.1 X 300 
3 X 10“ 


= 10.41 ft 


■ EXAMPLE 3. 10 A well is being pumped at a constant rate of 0.0038 m^/s. Given that 
T = 0.0028 m^/s, r = 90 m, and the storage coefficient = 0.00098, find the drawdown 
in the observation well for a time period of (a) 1000 s and (b) 20 hr. 

Solution: 

1. Using Eq. (3.29), u can be computed as follows; 

u = (90 X 90 X 0.00098)/(4 X 1000 X 0.0028) 

= 0.71 

Then from Table 3.6, W(m) is found to be 0.36. Applying Eq. (3.31), the draw¬ 
down can be determined; 

s = (0.0038 X 0.36)/(4 X tt X 0.0028) 

= 0.039 m 

2. Follow the procedure used in (a): 

M = (90 X 90 X 0.00098)/(4 X 72,000 X 0.0028) 

= 0.0098 

Then from Table 3.6, W{u) is found to be 4.06. Applying Eq. (3.31), the draw¬ 
down can be determined; 

j = (0.0038 X 4.06)/(4 X tt X 0.0028) 

= 0.44 m ■ 
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3.22 Boundary Effects 

Only the effect of pumping a single well has been previously considered. If more than 
one well is pumped in an area, however, a composite effect or interference due to the 
overlap of the cones of depression will result. In this case, the drawdown at any location 
is obtained by summing the individual drawdowns of the various wells involved. An 
additional problem is that of boundary conditions. The previous derivations have been 
based on the supposition of a homogeneous aquifer of infinite areal extent. A situation 
such as this is rarely encountered in practice. Computations based on this assumption 
are often sufficiently accurate, however, provided that field conditions closely approxi¬ 
mate the basic hypotheses. Boundary effects may be evaluated by using the theory of 
image wells proposed by Lord Kelvin, through the use of electrical and membrane 
analogies, and through the use of relaxation procedures. For a detailed discussion 
of these topics, the reader is referred to the many references on groundwater flow 
[10,11,15]. 

3.23 Regional Groundwater Systems 

The methods discussed so far have related mostly to the flow of water to individual 
wells. The analysis of regional groundwater systems is an important aspect of water 
resources planning, however, and it is appropriate to introduce some meffiodology for 
analyzing these large systems [20-24]. 

Aquifers are important not only because they are the vehicles for providing water 
supplies, but also from the water quality standpoint. As in the case of surface waters, if 
groundwater sources are so contaminated that their use for any purpose or purposes is 
impaired or precluded, then regardless of the quantity of water available, the source may 
have to be abandoned or untapped. The methods of regional groundwater systems anal¬ 
ysis deal with both the quality and quantity aspects of groundwater and are thus appli¬ 
cable to a wide variety of water management problems. 

The approach to regional analysis of groundwater systems is modeling. Models may 
be physical, electric analog, or mathematical. The classification that will be discussed 
here is the mathematical model—a set of equations representative of the physical pro¬ 
cesses that occur in an aquifer, subject, of course, to the simplifying assumptions that 
must be made. The models may be deterministic, probabilistic, or a combination of the 
two. In the discussions that follow, we shall limit ourselves to deterministic mathemati¬ 
cal models. These models describe cause—effect relationships stemming from known 
features of the physical system under study. Figure 3.12 characterizes the procedure for 
developing a deterministic mathematical model. Based on a study of the region of inter¬ 
est, and armed with an understanding of the mechanics of groundwater flow, a concep¬ 
tual model is formulated. This is translated into a mathematical model of the system, 
which is usually a partial differential equation accompanied by appropriate boundary 
and initial conditions. Continuity and conservation of momentum considerations are 
featured in the model and are represented over the extent of the region of concern. 
Darcy s law, discussed earlier, is widely used to describe conservation of momentum. 
Other model features include artesian or water table condition designation and dimen- 
sionality, i.e., one-, two-, or three-dimensional. Where the modeling objective includes 
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Figure 3.1 2 Logic diagram for developing a mathematical 
model. (Courtesy of the National Water Well Association, 
Worthington, OH.) 


water quality or heat transport considerations, other equations describing conservation 
of mass for the chemical species involved and conservation of energy are required. Typi¬ 
cally used relationships are Pick’s law for chemical diffusion and Fourier’s law for heat 
transport. 

After a conceptual model has been selected, the next step is to obtain a solution to 
the mathematical formulation by simplifying the groundwater equation through as¬ 
sumptions such as radial flow or, alternatively, by using numerical methods such as finite 
difference or finite elements to represent the governing partial differential equations. 
Using a finite difference approach, for example, the region of interest is divided into grid 
elements and the continuous variables of concern are represented as discrete variables 
at nodal points in the grid. In this way, the continuous differential equation defining 
head or other features is replaced by a finite number of algebraic equations that define 
the head or other variables at nodal points. Such models find wide application in predic¬ 
tion of site-specific aquifer behavior. Although a choice of model should be based on 
the study involved, numerical models have proven to be effective where irregular 
boundaries, heterogeneities, or highly variable pumping or recharge rates are expected 
[20]. Figqre 3.13 indicates four types of groundwater models and their application. 

If it is decided that a groundwater model is needed for a proposed study, the next 
step is to consider the requirements for carrying out a successful modeling effort. Nor¬ 
mally, several steps are involved. These include data collection and preparation, match¬ 
ing of observed histories, and predictive simulation. 

The first step in model data preparation involves specifying the region s boundaries. 
These boundaries may be physical, such as an impervious layer, or arbitrary, such as the 
choice of some small subregion. After the overall boundaries are defined, the region is 
then divided into discrete elements by superimposing a rectangular or polygonal grid 

(see Fig. 3 . 14 ). 

Having defined an appropriate grid, the modeler must specify the controlling aqui¬ 
fer parameters (such as storage coefficients, transmissivities, etc.) and set initial condi¬ 
tions. This must be accomplished for each grid element. Where solute transport models 
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Figure 3.13 Types of groundwater models and typical applications. 
(Courtesy of the National Water Well Association, Worthington, OH.) 


are required, additional parameters such as hydrodynamic dispersion properties must 
also be specified. Results of model runs include determination of hydraulic heads at 
node points for each time step during the period of interest. Where solute and heat 
transport are involved, concentrations and temperatures may also be determined at 
nodes for each time interval. 

After the aquifer parameters have been set, the model is operated using these initial 
values and the output is checked with recorded history. This process is known as history 
matching. This matching procedure is used to refine parameter values and to determine 
boundaries and flow conditions at the boundaries. Comparisons between historic con¬ 
ditions and modeled conditions are made and parameters adjusted until satisfactory fits 
are obtained. This is known as the calibration process. There is no rule that specifies 
when adequate matching is achieved, however. This determination must be made by the 
modeler based on an understanding of the problem and the use to which the model’s 
results are to be put. 

Once calibration is completed and it is determined that the model can be expected 
to yield dependable results, the model can be directed toward analyzing many different 
types of management and the development options so that the outcomes of different 
courses of action that might be followed in the future can be assessed. Observations of 
model performance under varying conditions is an asset in determining courses of action 
to be prescribed for future aquifer operation or development. Groundwater models may 
be used to estimate natural and artificial recharge, effects of boundaries, effects of well 
location and spacing, effects of varying rates of drawdown and recharge, rates of move¬ 
ment of hazardous wastes, saltwater intrusion, and other factors [20] 

FinaUy, while numerical and other groundwater models have much to recommend 
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Figure 3.14 (a) Map view of aquifer showing well field and 
boundaries, (b) Finite difference grid for aquifer study, where /yt is 
the spacing in the x direction, Ay Is the spacing in the y direction, 
and b is the aquifer thickness. Solid dots; block-center nodes; open 
circles: source-sink nodes. (Courtesy of the National Water Well 
Association, Worthington, OH.) 


them, caution must be exercised if they are not to be misused. According to Prickett, 
there are three common ways to misuse models [21]; overkill, inappropriate prediction, 
and misinterpretation. To avoid such pitfalls, the modeler and model user must be fully 
aware of the limitations and sources of errors in the model used. Underlying assump¬ 
tions must be carefully understood. 

Numerical models are important tools for analyzing groundwater problems and 
making recommendations for their solution. To be effective, however, the groundwater 
hydrologist must have a full understanding of the aquifer being studied, must be aware 
of alternative modeling approaches, and must be cognizant of model limitations and 
restrictions imposed by simplifying assumptions. Used appropriately, models can be 
powerful decision'making aids. Used inappropriately, they can lead to erroneous and 
sometimes damaging proposals. 
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3.24 Saltwater Intrusion 

Saltwater contamination of freshwater aquifers presents a serious water-quality problem 
in island locations; in coastal areas; and occasionally inland, as in Arizona, where some 
aquifers contain highly saline waters. Because fresh water is lighter than saltwater (spe¬ 
cific gravity of seawater is about 1.025), it will usually float above a layer of saltwater. 
When an aquifer is pumped, the original equilibrium is disturbed and saltwater replaces 
the fresh water. Under equilibrium conditions, a drawdown of 1 ft in the freshwater table 
will result in a rise by the saltwater of approximately 40 ft. Pumping rates of wells 
subject to saltwater intrusion are therefore seriously limited. In coastal areas, recharge 
wells are sometimes used in an attempt to maintain a sufficient head to prevent seawater 
intrusion. Injection wells have been used effectively in this manner in southern 
California. 

A prime example of fresh water contamination by seawater is noted in Long Island, 
New York [25]. During the first part of this century, the rate of pumping far exceeded 
the natural recharge rate. The problem was further complicated because stormwater run¬ 
off from the highly developed land areas was transported directly to the sea. This pre¬ 
cluded the opportunity for this water to return to the ground. As pumping continued, the 
water table dropped well below sea level and saline water entered the aquifer. The result 
was such a serious impairment of local water quality that Long Island was forced to 
transport its water supply from upper New York State. 


3.25 Groundwater Recharge 

The volumes of groundwater replaced annually through natural mechanisms are rela¬ 
tively small because of the slow rates of movement of groundwaters and the limited 
opportunity for surface waters to penetrate the Earth’s surface. To supplement this natu¬ 
ral recharge process, a trend toward artificial recharge has been developing. In 1955, 
over 700 million gallons of water per day were artificially recharged in the United States 
[26], This water was derived from natural surface sources and returns from air condi¬ 
tioning, industrial wastes, and municipal water supplies. The total recharge volume was 
equal, however, to only about 1.5% of the groundwater withdrawn that year. In Califor¬ 
nia, for example, artificial recharge is presently a primary method of water conservation. 
During the period 1957-1958, a daily recharge volume of about 560 mil gal was re¬ 
ported for 63 projects in that state alone [26]. 

Numerous methods are employed in artificial recharge operations. One of the most 
common plans is the utilization of holding basins. The usual practice is to impound the 
water in a series of reservoirs arranged so that the overflow of one will enter the next, 
and so on. These artificial storage works are generally formed by the construction of 
dikes or levees. A second method is the modified streambed, which makes use of the 
naturd water supply. The stream channel is widened, leveled, scarified, or treated by a 
combination of methods to increase its recharge capabilities. Ditches and furrows are 
also used. The basic types of arrangement are the contour type, in which the ditch fol¬ 
lows the contour of the ground; the lateral type, in which water is diverted into a number 
of small furrows from the main canal or channel; and the tree-shaped or branching type, 
where water is diverted from the primary channel into successively smaller canals and 
ditches. Where slopes are relatively flat and uniform, flooding provides an economical 
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means of recharge. Normal practice is to spread the recharge water over the ground at 
relatively small depths so as not to disturb the soil or riative vegetation. An additional 
method is the use of injection wells. Recharge rates are normally less than pumping 
rates for the same head conditions, however, because of the clogging that is often en¬ 
countered in the area adjacent to the well casing. Clogging may result from the entrap¬ 
ment of fine aquifer particles, from suspended material in the recharge water that is 
subsequently strained out and deposited in the vicinity of the well screen, from air bind¬ 
ing, from chemical reactions between recharge and natural waters, and from bacteria. 
For best results the recharge water should be clear, contain little or no sodium, and be 
chlorinated. 


3.26 Concurrent Development of Groundwater 
and Surface Water Sources 

The maximum practical conservation of our water resources is based on the coordinated 
development of groundwater and surface water supplies. Geologic, hydrologic, eco¬ 
nomic, and legal factors must be carefully considered. 

Concurrent utilization is primarily founded on the premise of transference of im¬ 
pounded surface water to groundwater storage at optimum rates [27,28]. Annual water 
requirements are generally met by surface storage while groundwater storage is used to 
meet cyclic requirements covering periods of dry years. The operational procedure in¬ 
volves a lowering of groundwater levels during periods of below-average precipitation 
and a subsequent raising of levels during wet years. Transfer rates of surface waters to 
underground storage must be large enough to ensure that surface water reservoirs will 
be drawn down sufficiently to permit impounding significant volumes during periods of 
high mnoff. To provide the required maximum transfer capacity, methods of artificial 
recharge such as spreading, ponding, injecting, or returning flows from irrigation must 
be used. 

The coordinated use of groundwater and surface water sources will result in the 
provision of larger quantities of water at lower costs. As an example, it has been found 
that the conjunctive operation of the Folsom Reservoir (California) and its groundwater 
basin yields a conservation and utilization efficiency of approximately 82% as compared 
with about 51 % efficiency for the operation of the surface reservoir alone [29] There is 
little doubt that the inclusion of groundwater resources should be given very careful 
consideration in future planning for large-scale water development projects. 

In general, the analysis of a conjunctive system consisting of a dam and an aquifer 
requires the solution of three fundamental problems. The first is to establish the design 
criteria for the dam and the recharge facilities. The second is to determine the service 
area for the combined system. Finally, a set of operating rules that define the reservoir 
drafts and pumpages to be taken from the aquifer is required. A mathematical model for 
an analysis such as this has been proposed by Buras [27]. 


Problems 

^•1 Compare the amounts of water required by the various users in your state. What 

is the relative worth of water in its various uses? 
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3.2 A flow of 120 mgd is to be developed from a 200-mi2 watershed. At the flow 
line, the area’s reservoir is estimated to cover 4200 acres. The annual rainfall is 
38 in., the annual runoff is 13 in., and the annual evaporation is 47 in. Find the 
net gain or loss in storage this represents. Calculate the volume of water evapo¬ 
rated in acra-ft and cubic meters. 

3.3 A flow of 4.8 mVs is to be developed from a 500-km^ watershed. At the flow 
line, the area’s reservoir is estimated to cover 1700 hectares. The annual rainfaE 
is 97 cm, the annual runoff is 30 cm, and the annual evaporation is 120 cm. Find 
the net gain or loss in storage this represents. Calculate the volume of water 
evaporated in cubic meters. 

3.4 Discuss how you would go about collecting data for an analysis of the water 
budget of a region. What agencies would you contact? What other sources of 
information would you seek out? 

3.5 For some area of your choice, make a plot of mean monthly precipitation versus 
time. Explain how this fits the pattern of seasonal water uses for the area. Will 
the form of precipitation be an important consideration? 

3.6 Given the following 10-yr record of annual precipitation, plot a rough precipita¬ 
tion frequency curve. Tabulate the data to be plotted and show the method of 
computation. The data are annual precipitation in inches; 28,21, 33,26,29,27, 
19.28,18,22. {Note: The frequency in percent of years is HTjt X 100.1 

3.7 Given the 10-yr record of annual precipitation that follows, develop and plot a 
precipitation frequency curve. The precipitation values in cm are 70,54, 89,66, 
75, 69,48,72,46, and 56. 

3.8 ^ maximum reservoir storage requirement if a uniform draft of 726,000 
gpd/mi^ from a specific stream is to be maintained. The following record of 
average monthly runoff values is given: 

Month A M J J A SOND J FMAMJ 


3.9 


3.10 


97 136 59 14 6 5 


7 19 13 74 96 37 63 49 


Runon 
(Mg/mi^) 

» 

Using the information given in Table 3.3, plot recurrence interval in years as the 
ordinate, design period in years as the abscissa, and construct a series of recur¬ 
rence interval-design period probabilities that an event will not be exceeded 
during the design period. Use arithmetic coordinate paper. [Note: To conform to 
this, probabilities in the table must be subtracted from 1.0. Where sufficient in¬ 
formation is not provided by the table, probabilities may be computed using 
= (1 — l/Ts)", where n is the design period in years.] 

Given the following 50-month record of mean monthly discharge, find the mag¬ 
nitude of the 20-month low flow. The consecutive average monthly flows (cfs) 
were 14,17,19,21.18,16,18,25,29,32, 34,33,30,28,20,23,16,14,12,13, 

1 ?’ 8 , 7 , 6 , 4 , 6 , 7 , 8 , 9 , 11 , 9 , 8 , 

Oj t y 9^ 17* 
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3.11 Find the expected life of a reservoir having an initial capacity of 45,000 acre-ft. 
The average annual inflow is 63,000 acre-ft, and a sediment inflow of 180 
acre ft/yr is reported. Consider the useful life of the reservoir to be exceeded 
when 80% of the original capacity is lost. Use 5000-acre-ft volume increments. 
From Fig. 3.4, obtain values of percent sediment trapped. 

3.12 Given the following data relating mean annual change in groundwater level to 
mean annual draft, find the safe yield. 

Mean annual change in 
groundwater level 

(ft) _ +1 +2 -1 -3 -4 +1.5 +1.2 -2.6 

Mean annual draft 23 19 31 42 44 21 19 33 

(thousands of acre-ft) 

3.13 Given the following data for mean annual draft and annual change in ground- 
water elevation, determine the safe yield. 


Mean Annual Draft 
(1000s acre ft) 

Mean Annual 
Change in 
Groundwater 
Level (ft) 


26 


-2 

14 


+2.5 

36 


-4 

21.5 


+0.5 

32 


-3 

13 


+2 

32.5 


-2.5 

26 


-0.5 

19 


+0.5 

28 


-2 


3.14 What would the maximum continuous constant yield be from a reservoir having 
a storage capacity of 750 acre-ft? Give your results in acre-ft/yr and mVyr. 

3.15 If a constant annual yield rate of 1500 gal/min was required, what reservoir 
capacity would be needed to sustain it? Give the capacity in acre-ft/yr. 

3.16 A mean draft of 100 mgd is to be developed from a 150 mi^ catchment area. At 
the flow line, the reservoir is estimated to be 4000 acres. The annual rainfall is 
38 in, the mean annual runoff is 13 in, and the mean annual evaporation is 49 in. 
Find the net gain or loss in storage that this represents. Compute the volume of 
water evaporated. State this figure in a form such as the number of years the 
volume could supply a given community. 

3.17 An impounding reservoir is to provide for constant withdrawal of 430 million 
gallons per square mile per year. The following record of monthly inflow values 
was selected from a critical period and was chosen as a basis for design. Find 
the amount of storage required in Mg/mi^. 
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Month _ J FMAMJJAS OND 

Gauged inflow 23 48 53 87 12 9 7 1 22 34 98 28 

(Mg/miVmo) 

3.18 For the following data, and using the well and flow-net configuration of 
Fig. 3.10, find the discharge using a flow-net solution. The well is fully pene¬ 
trating; K = 2.87 X 10-'^ ft/s, (a) = 180 ft, (b) = 43 ft, and (c) = 50 ft. 

3.19 Rework Problem 3.18 if K = 8.4 X 10"^ m/s, (a) = 100 m, (b) = 22 m, and 
(c) = 35 m. 

3.20 Use the following data: Q = 60,000 ft^/day, T = 6200 ftVday, t = 30 days, r = 

1 ft, and Sc ~ 6.4 X lO""*. Consider this a nonequilibrium problem. Find the 
drawdown s. Note that for 

M = 8.0 X l0-»« iy(M) = 20.37 

« = 9.0 X 10-10 Wiu) = 20.25 

3.21 A vC'ell is being pumped at a constant rate of 0.004 mVs. Given that T - 0.0028 
mVs, r = 100 m, and the storage coefficient = 0.001, find the drawdown in the 
observation well for a time period of (a) 1 hr and (b) 24 hr. 

3.22 A well is being pumped at a constant rate of 0.003 mVs. Given that T = 0.0028 
mVs, the storage coefficient = 0.001, and the time since pumping began is 12 hr, 
find the drawdown in an observation well for a radial distance of (a) 150 m and 
(b) 500 m. 

3.23 A 12-in. well fully penetrates a confined aquifer 100 ft thick. The coefficient of 
permeability is 600 gpd/ft^. Two test wells located 45 and 120 ft away show a 
difference in drawdown between them of 8 ft. Find the rate of flow delivered by 
the well. 

3.24 Determine the permeability of an artesian aquifer being pumped by a fully pene¬ 
trating well. The aquifer is composed of medium sand and is 100 ft thick. The 
steady-state pumping rate is 1200 gpm. The drawdown in an observation well 
75 ft away is 14 ft, and the drawdown in a second observation well 500 ft away 
is 1.2 ft. Find Kf in gpd/fF. 

3.25 Consider a confined aquifer with a coefficient of transmissibility T = 680 ftV 
day/ft. At t = 5 rain, the drawdown s = 5.6 ft; at 50 min, s =23.1 ft; and at 
100 min, s = 28.2 ft. The observation well is 75 ft away from the pumping well. 
Find the discharge of the well. 

3.26 Assume that an aquifer is being pumped at a rate of 300 gpm. The aquifer is 
confined and the pumping test data are given below. Find the coefficient of trans- 
raissibUity T and the storage coeflBcients Sfoir — 60 ft. 

Time since pumping started 

___1.3 2.5 4.2 8.0 11.0 100.0 


Drawdown s (ft) 


4.6 8.1 9.3 12.0 15.1 29.0 
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3.27 Find the drawdown at an observation point 250 ft away from a pumping well, 
given that T = 3.1 X 10^ gpd/ft, the pumping time is 10 days, 5, = 3 X lO"'*, 
and Q = 280 gpm. 

3.28 A 12-in, well fully penetrates a confined aquifer 100 ft thick. The coefficient of 
permeability is 600 gpd/ft^. Two test wells located 40 and 120 ft away show a 
difference in drawdown between them of 9 ft. Find the rate of flow delivered by 
the well. 

3.29 Find the permeability of an artesian aquifer being pumped by a fully penetrating 
well. The aquifer is 130 ft thick and is composed of medium sand. The steady- 
state pumping rate is 1300 gpm. The drawdown in an observation well 65 ft away 
IS 12 ft, and in a second well 500 ft away it is 1.2 ft. Find Kf in gpd/ft^. 

3.30 Consider a confined aquifer with a coefficient of transmissibility of 700 ftVday- 
ft. At t = 5 min, the drawdown is 5.1 ft; at 50 min, s = 20.0 ft; at 100 min, s = 
26.2 ft. The observation well is 60 ft from the pumping well. Find the discharge 
from the well. 

3.31 An 18-in well fully penetrates an unconfined aquifer 100 ft deep. Two observa¬ 
tion wells located 90 and 235 ft from the pumped well are known to have draw¬ 
downs of 22.5 ft and 20.6 ft, respectively. If the flow is steady and Kf = 
1300 gpd/ft^, what is the discharge? 

3.32 A well is pumped at the rate of 500 gpm under nonequilibrium conditions. For 
the data given below, find the formation constants S and T. Use the Theis 
method. 


H/t 

Average Drawdown, 

/i(ft) 

1,250 

3.24 


2.18 

11,250 

1.93 

20,000 

1.28 

45,000 

0.80 

80,000 

0.56 

125,000 

0.38 

180,000 

0.22 

245,000 

0.15 

320,000 

0.10 


3.33 A well fully penetrates the lOO-ft depth of a saturated unconfined aquifer. The 
drawdown at the well casing is 40 ft when equilibrium conditions are established 
using a constant discharge of 50 gpm. What is the drawdown when equilibrium 
is established using a constant discharge of 66 gpm? 

3.34 A confined aquifer 80 ft deep is being pumped under equilibrium conditions at 
a rate of 700 gpm. The well fully penetrates the aquifer. Water levels in obser¬ 
vation wells 150 and 230 ft from the pumped well are 95 and 97 ft, respectively. 
Find the field coefficient of permeability. 
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3.35 Over a lOO-mi^ surface area, the average level of the water table for an uncon- 
fined aquifer has dropped 10 ft because of the removal of 128,000 acre-ft of 
water from the aquifer. Determine the storage coefficient for the aquifer. The 
specific yield is 0.2 and the porosity is 0.22. 
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Water Use and 
Wastewater Generation 


Prologue 

The purpose of this chapter is to: 

■ Define the principal water-using sectors 

■ Discuss trends in water and wastewater generation 

■ Present techniques for forecasting water requirements and waste- 
water volumes 


The water supply problem is one of balancing supply and demand. Availability of water 
resources, geographically and temporally, the quality of these resources, the rates at 
which they are replenished and depleted, and the demands placed upon them by water 
users are determining factors in water management strategies. Estimates of future water 
uses, uncertain as they might be, are fundamental to efficient and/or equitable allocation 
of water resources. These estimates depend on an ability to forecast changes in popula¬ 
tion, agricultural and industrial activity, economic conditions, technology, and other re¬ 
lated factors. 

Relevant factors include water use permitting; estimating water requirements; in¬ 
ventorying water supplies; defining new “reasonable beneficial uses”; infrastructure 
development, operation, maintenance, and replacement; policies for allocating water 
among competing users; strategic planning; interbasin transfers; saline water use; fi¬ 
nancing; education; conservation and reuse; research; drought management; coordinat¬ 
ing water supply and water quality management programs; and assessing risks tied to 
proposed courses of action. 

Of similar concern is the subject of the quantities and timing of stormwater and 
sewage flows. These waters, although degraded in quality, are also part of the water 
supply potential, and they are the determining factors in decisions related to the extent 
and character of wastewater treatment required. 

4.1 Water Sources 

A knowledge of potential water sources and their limitations and an understanding pf 
the demands to be imposed on these sources of supply are prerequisites for meeting our 
water needs in the future. The location, extent, and quality of natural surface water and 
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groundwater sources and of water sources derived from various water management prac¬ 
tices must be determined. In the past, natural water sources have been considered almost 
exclusively by those desiring to expand their water supplies. But in the future these 
principal water stocks—the rivers, streams, lakes, aquifers, and oceans—will have to 
be supplemented by other nontraditional sources of water supply such as discharges 
from wastewater treatment plants, urban stormwater flows, and irrigation return flows. 
These flows are often large relative to some of our water supply needs and at present 
many of them are wasted. Up to about 75% of the treated potable water is returned to a 
discharge point after its use. Along Florida’s lower East Coast, for example, the quanti¬ 
ties of water generated for potable water use and then discharged to the ocean as treated 
wastewater flows constitute a significant fraction of the water used daily in that area. 
The infrastructure needed to reuse all of these waters efficiently is not yet in place and 
the economic and public health aspects of reuse are constraining factors, but these po¬ 
tential water sources should be identified in water resource assessments and they should 
be considered in water supply planning strategies. In addition, many localities have ac¬ 
cess to brackish and/or seawater sources. And though the cost of converting saline to 
fresh water has constrained most large-scale saline water conversion programs in the 
U.S., as water shortages become more frequent and conversion costs decrease, interest 
in brackish and saline water use is expected to escalate. Importation of water across 
political and natural boundaries may also be a viable water supply option, providing that 
political, economic, and environmental circumstances are favorable. 


RECLAIMED WATER. It is important to recognize that the reclamation of water used 
for a variety of purposes offers attractive alternatives to the development of new natural 
water sources or the expansion of old ones. Municipal waste flows are being widely 
used, especially in the more arid western and southwestern states. In California and 
Texas, for example, reuse projects are numerous. Wastewater reuse appears to be par¬ 
ticularly attractive in areas where rainfall is low, evaporation is high, irrigation water 
use is intense, and interbasin transfers of water are being practiced or planned. Environ¬ 
mental regulations, water scarcity, and economic factors are expected to accelerate reuse 
of waste streams. This will undoubtedly affect water use trends in the future, especially 
in the industrial and agricultural sectors. Figure 4.1 gives a good indication of the sig¬ 
nificance of wastewater reclamation to the water supply future of Orange County, Cali¬ 
fornia. By the year 2010, it is projected that about 20% of the Orange County Water 
District’s water needs will be met by the use of reclaimed wastewater. 

In the past the impetus for wastewater reuse was often the alleviation of water qual¬ 
ity problems caused by discharge of waste streams to surface waters or the desire to 
reduce costs of effluent treatment. Now, wastewater is being recognized more and more 
as a potentially valuable resource itself. In areas of the United States where the popula¬ 
tion is growing, particularly in the arid southwest, reuse of wastewater is seen as a means 
of easing the str ains on tight water supplies. Other benefits of reuse include improved 
quality of surface waters, preservation of higher-quaUty water for potable consumption, 
and added recreational opportunities [1]. 

In direct reuse, wastewater is treated and piped directly into some type of water 
system without intervening travel dilution in natural surface water or groundwater bod- 
ies [2]. For example, connection of a municipal wastewater plant to an irrigation site 
provides a direct water supply to that site. Indirect reuse involves a middle step between 
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ft AF in 1000s (in 1.000.000 m-’) 



Wastewater 

reclamation 

Santa Ana 
River 


Groundwater 

cleanup 


Figure 4.1 Projected distribution of source waters for Orange County, Califor¬ 
nia water supply to the year 2010. (From L W. Owen and W. R. Mills, “California's 
Orange County Water District: A Model for Comprehensive Water Resources 
Management," in Water Resources: Planning and Management and Urban Water 
Resources, Proceedings of the 18th Annual Conference and Symposium of the 
Water Resources Planning and Management Division of ASCE, New York. NY. 
May 1991,p. 5.) 


generation of reclaimed water and reuse. This commonly includes discharge, retention, 
and mixing with another water supply before reuse. Recycling refers to use by the same 
business, plant, or person two or more times in a coordinated, planned manner, some¬ 
times with partial treatment between uses. 

The most widely available and least variable source of wastewater for reuse is mu¬ 
nicipal wastewater. It can be relied on to provide a dependable continuous flow having 
fairly stable physical, chemical, and biological characteristics. Reuse .of municipal 
wastewater may be accomplished in a number of ways, with treatment ranging from 
none to the most advanced systems available, depending on the end use of the water. 
Municipal wastewater reuses are varied. For example, in California, municipal waste- 
waters are reused for fiber and seed crop irrigation, landscape irrigation, orchard and 
vineyard ungation, processed food crop irrigation, groundwater recharge, food crop 
irrigation (not processed), restricted recreational impoundments, pasture for dairy ani¬ 
mals, and unrestricted recreational impoundments [3]. 

In industrialized sections of the United States, manufacturing operations can con¬ 
tribute heavily to the total wastewater generated in an area. The constituents of the 
wastewater are highly industry specific and may limit the reuse options available for that 
wastewater. On-site wastewater reuse by manufacturing plants has become more impor¬ 
tant as environmental standards are tightened by regulatory agencies. 

In agriculture, wastewater from ungation operations is a potential source of reus¬ 
able water. However, the water is often highly contaminated with salts leached from the 
soil, and in many cases treatment is required if the water is to be reused on the fields. 
Desalination is technically feasible but often prohibitively expensive. 

Wastewater reclamation processes must ensure removal of residual pollutants to 
such a degree as to make the water acceptable for the designated reuse. The pollutants 
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that must be removed depend on the desired use of the water and its previous use. If 
municipal wastewater has undergone secondary treatment, the remaining pollutants that 
typically must be removed to make the wastewater suitable for reuse are nitrates, phos¬ 
phates, total dissolved solids, microorganisms, and refractory organics such as trace 
levels of pesticides [2, 4]. All of these constituents need not be removed should their 
presence be advantageous in the product water. For example, phosphates and nitrates 
are desirable in reclaimed water for use in irrigation because the constituents act as 
nutrients for plant life. The state of California has established water quality requirements 
for different levels of reuse [5]. 

For high-quality effluent, tertiary or advanced treatment processes are required to 
achieve the degree of contaminant removal necessary to make wastewater acceptable for 
reuse. These processes are generally proved technologies for wastewater reclamation 
and some are readily available as “off-the-shelf” packaged units, but economics is the 
driving factor in limiting the attractiveness of certain processes for widespread use. 


4.2 Water-Using Sectors 

Decisions related to the allocation of water must be based on a knowledge of both the 
availability of water and the type and rate of use. Otherwise, inefficient allocations and 
undesirable levels of water-source depletions are likely to be the outcomes. This is par¬ 
ticularly true when the resource is scarce and/or it is subject to a spectrum of competing 
uses. The principal water-using sectors are reviewed herein. 


Agriculture 

Water is critical to agriculture. In arid and semiarid regions, water constitutes the dif¬ 
ference between unproductive wastelands and highly productive food-generating units. 
In humid areas, rainfall is usually adequate to produce good crops, but even there sup¬ 
plemental irrigation is being relied on more and more to prevent crop failures and to 
improve the quality of the products produced. It is important to note that the use of 
supplemental irrigation in the eastern United States has been increasing rapidly [6]. 

Water requirements for irrigation are mostly seasonal, varying with climate and 
type of crop. In humid regions, water withdrawals for irrigation may range from about 
10% of the total annual demand in May to 30% in September, while in arid and semiarid 
locations, rates of withdrawal are nearly uniform during the irrigation season. Irrigation 
water use conflicts with many other uses. This creates special problems in arid regions. 
For example, irrigators promote storing as much water as possible during the winter, 
when hydropower producers are eager to release flows into their turbines to generate 
electricity. Much of the water used for irrigation (often more than 50%) is consump¬ 
tively used (evaporated or transpired) and is thus unavailable for reuse in the region. 

Thermoelectric Power 

The principal use of water in electric generating facilities is for cooling to dissipate 
rejected heat. The amount of cooling water withdrawn depends on plant size, generator 
thermal efficiency, cooling heat transfer efficiency, and institutionally regulated limits 
on effluent temperatures. In 1990, generation of electricity ranked first in total water 
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withdrawals (fresh plus saline water). About two-thirds of the amount used was from 
freshwater sources [7]. If the demands for cooling water increase, limitations on fresh¬ 
water resources will probably stimulate even greater interest in developing coastal sites 
with their potential for once-through cooling using saline water. Once-through cooling 
is the passage of water through cooling units followed by direct release to a receiving 
body of water without any recycling through water-cooling facilities. Withdrawals for 
once-through cooling are large, but little water is used consumptively. 

Cities and Other Communities 

In 1990, central water supply systems furnished water to about 210 million people resid¬ 
ing in municipal areas of the United States [6]. Approximately 43 million people living 
outside of these service areas had their own domestic systems, while more than 4 million 
people were reported to have no piped water supply. The principal domestic and com¬ 
mercial water uses are for drinking, cooking, meeting sanitary needs, lawn watering, 
swimming pool maintenance, street cleaning, fire fighting, and various aspects of city 
and park m'aintenance. Although the public water use sector is vital to our well-being, 
since it furnishes much of our drinking water, the total amount of water used by this 
sector is small when compared to water-using sectors such as irrigation and thermo¬ 
electric cooling. In 1990, the United States Geological Survey (USGS) reported the 
sector to represent only about 11% of the nation’s fresh-water withdrawals. In 1975, the 
national average daily per capita use from public supplies was about 170 gpcd; in 1990, 
it had increased to 183 gpcd [6, 7]. In 1975, strict household use from public water 
supply systems was about 90 gpcd for a family of four; in 1990, it was reported at 
105 gpd for each person served [6,71. Note that the unit of measurement in the SI system 
is liters per capita per day (Ipcd). Due to limited water supplies and increasing popula¬ 
tion, per capita demand may be expected to decline in the future. 

Residential water use rates are continually fluctuating, from hour to hour, from day 
to day, and from season to season. Average daily winter consumption is only about 80% 
of the annual daily average, whereas summer consumption averages are about 25% 
greater than the annual daily average. Figure 4.2 compares a typical winter day with a 
typical maximum summer day in Baltimore, Maryland. Note the hourly fluctuations and 
the tendency toward two peaks. Studies by Wolff indicate that hydrographs of systems 
serving predominantly residential communities generally show two peaks, the first be¬ 
tween the hours of 7 a.m. and 1 p.m., the second in the evening between 5 and 9 p.m. 
[8]. During the summer, when lawn-sprinkling demands are high, the second peak is 
usually the greatest, while during the colder months or during periods of high rainfall, 
the morning peak is commonly the larger of the two. 

In Figure 4.3 the effects of lawn-sprinkling demands are strikingly demonstrated. 
This figure shows the effects of rainfall on two different days—one a hot, dry day with 
no antecedent rainfall for 4 days and the other a day during which rainfall in excess 
of 1 in. was recorded. Lawn sprinkling has been found to represent as much as 15% of 
total daily volumes and as much as 95% of peak hourly demands where large residential 
lots are involved [9]. Peak hourly demands have been found to vary from average daily 
demands by as much as 1500% [8], but there is no rule that can be universally applied 
to predetermine variations. Variations are a function of the type of development, its age, 
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Time of day 

Figure 4.2 Daily water use patterns, maximum day and winter day. (From 
Residential Water-Use Research Project. Johns Hopkins University and Federal 
Housing Administration, 1963.) 

geographic location, and extent of conservation practices. Figures 4.4 and 4.5 provide 
some guidance on peak demand values. 

Fire-fighting demands must also be considered in municipal water system design. 
The annual volumes required for fire-fighting purposes are small, but during periods of 
need the demand may be large and may govern the design of distribution systems, dis¬ 
tribution storage, and pumping equipment. Recommendations as to the quantities of 
water to be used in fire fighting in high-valued community districts have been published 
by the National Board of Fire Underwriters (American Insurance Association) [10]. 

Fire-fighting requirements for residential areas vary from 500 to 3000 gpm, the 
required rate being a function of population density. Hydrant pressures should generally 
exceed 20 psi where motor pumpers are used; otherwise, pressures in excess of 100 psi 
nfight be required. If recorrunended fire flows cannot be maintained for the indicated 
time periods, community fire insurance rates may be adjusted upward. 

The coincident draft (flow to be expected at the time the fire is being fought) during 
fire fighting is usually considered equal to the maximum daily demand, since the proba¬ 
bility of the maximum rate of water usage for community purposes occurring simulta¬ 
neously with a major conflagration is slight. 
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AM. PM. 

Time of day 

Figure 4.3 Daily water use patterns in R-6 area: maximum day and 
minirnum day. (From Residential Water-Use Research Project, Johns 
Hopkins University and Federal Housing Administration, 1963.) 

The National Board of Fire Underwriters has proposed the following formula for 
computing fire flows of communities having less than 200,000 people: 

Q = 1020 VP(1 - 0.01 VP) (4.1) 

where 

Q = demand in gpm 
P = population in thousands 

Such flows must often be provided for periods up to 10 hr or more. Gupta describes 
another equation for computing fire flows, based on construction type, floor area, and 
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Number of dwelling units, a 

Figure 4.4 Relation of total peak hourly demands to number of 
dwelling units in terms of housing density. (Courtesy of the Resi¬ 
dential Water-Use Research Project of The Johns Hopkins University 
and the Office of Technical Studies of the Architectural Standards 
Division of the Federal Housing Administration, 1963.) 
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Figure 4.5 Relationship of lot size to water use. (Courtesy 
of the Residential Water-Use Research Project of The Johns 
Hopkins University and the Office of Technical Studies of the 
Architectural Standards Division of the Federal Housing 
Administration, 1963.) 
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occupancy of a building, which was developed by the Insurance Services Office [11]. It 
states that 

Q = 18CV^ (4.2) 

where 

Q = required fire flow, gpm 
A = total floor area excluding the basement, ft^ 

C = a coefficient having values of 1.5 for wood frames, 

1,0 for ordinary construction, 0.8 for noncombustible buildings, 
and 0.6 for fire-resistant construction 

For this equation, the flow should be more than 500 gpm, but should not exceed 
6000 gpm for a single-story stmcture, 8000 gpm for a single building, and 12,000 gpm 
for a single fire. 

In addition to supplying water for homes, fire fighting, and perhaps some industrial 
purposes, most communities also must meet the needs of various commercial establish¬ 
ments. In considering commercial requirements, it is important to know both the mag¬ 
nitude and time of occurrence of peak flow. Table 4.1 indicates typical requirements and 
periods of maximum demand for apartments, motels, hotels, office buildings, shopping 
centers, laundries, car washes, and service stations [9], Generally, it can be stated that 
commercial water users do not materially affect peak municipal demands. In fact, peak 
hours for many commercial establishments tend to coincide with the secondary residen¬ 
tial peak period. The cessation of numerous commercial activities at about 6 p.m. pre¬ 
cludes the imposition of large demands in the early evening, when sprinkling demands 
are often high. 

The commercial peak-hour demands given in Table 4.1 are compared to peak-hour 
demands for a typical individual residence on a 1-acre lot. The data show that maximum 
commercial needs are considerably less important than peak spri nkl ing demands in de¬ 
termining peak loads on a distribution system subject to heavy sprinkling loads. An 
average figure of 20 gpcd is normally considered representative of commercial water 
consumption. The range is normally reported as 10-130 gpcd. 

The many factors affecting municipal water use preclude any generalization that 
could apply to all areas. General trends and representative figures are useful, but it 
should be understood that local usage may vary considerably from reported aver¬ 
ages. For design purposes, thorough studies must be made of past records of the type 
and pattern of community water use, the physical and climatic characteristics of the 
area, expected trends in development, projected population values, and other pertinent 
factors. 

■ EXAMPLE 4.1 Given a residential area encompassing 500 acres with a housing 
density of six houses per acre. Assume a high-value residence with a fire flow require¬ 
ment of 1000 gpm. Find (a) the combined draft and (b) the peak hourly demand. 

Solution: (a) Given that 1 acre contains 43,560 fF, each lot will be about 7000 fF in 
size. From Fig. 4.5 this value produces a maximum day value of 700 gpd per dwelling 
unit. For the 3000 dwelling units, this would be 3000 X 700 = 2,100,000 gpd of 
1458 gpm. The combined draft is thus 1458 + 1000 = 2458 gpm. (b) From Fig. 4.4, 
for 3000 dwelling units and a density of 6.0, find a peak hourly demand of 2500 gpm. 
In this case the peak hourly flow would control the design since it exceeds the combined 
flow estimate. 



Table 4.1 Commercial Water Use 
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Manufacturing 

From 1970 to 1980 the manufacturing sector accounted for about 17% of total U.S. fresh > 
water withdrawals. In 1990, industrial withdrawals represented only about 6% of the 
total withdrawals for all categories of water use [7]. This decline is attributed mainly to i 
recycling and process changes. Manufacturing uses vary with the product produced, but } 
they generally include both process waters and cooling waters. From about 1955 to 1975 = 
the amount of fresh and saline water withdrawn for manufacturing purposes almost 1 
doubled. This water was recycled about twice before being returned to the source and 
diminished somewhat less than 10% by evaporation and* incorporation into products. 
Although manufacturing water use is expected to increase in the future, recycling is also i 
predicted to increase substantially, with the prospect that actual water withdrawals for | 
this purpose will continue to show a decline. Consumptive use will increase, however. 

Natural Systems 

Providing water for the preservation and benefit of fish and wildlife, protection of 
marshes and estuary areas, and for other environmentally oriented purposes is now con¬ 
sidered a necessity. But such water uses are often in conflict with traditional uses, and 
resolving these conflicts is destined to become an increasingly common task. Further¬ 
more, estimation of the quantities of water needed for these new uses is difficult. Sci¬ 
entific data needed to make good determinations are often lacking, and this presents 
some special problems since the quantities of water can be substantial. Particular topics 
of concern include instream flow requirements, maintenance of lake levels, freshwater 
releases to bays and estuaries, and water requirements for protecting fish and wildlife. 

The water-related aspects of restoring, protecting, and managing natural systems 
are abundant. Dealing with them requires special policies, a good data base, and close 
coordination with a host of programs conducted under the auspices of various levels of 
government. Water management policies that encourage or result in excessive growth 
may trigger unwanted spillover effects on the environment. The drainage and/or recla¬ 
mation of lands may provide additional opportunity for economic development, for 
example, but not without a price to be paid in disrupting prevailing ecosystems. Devel¬ 
opment and environmental protection can be partners, but only if care is exercised in 
modifying the landscape. Growth management policies that embrace the many dimen¬ 
sions of managing natural systems are needed. 

Navigation 

Water requirements for navigation on most river systems are seasonal. The greatest de¬ 
mands usually occur during the driest months of the year. Flows released for navigation 
limit the availability of water for irrigation and hydropower generation and for recrea¬ 
tional uses at reservoir sites. They do, however, complement other instream uses. 

Where navigation depths are maintained by low dams, there is usually little effect 
on other water uses in a river. These stmctures do not impound large volumes of water; 
rather, they serve to provide greater uniformity of flows. Many advantages result from 
this type of operation, including benefits to fish and wildlife, recreation, pollution con¬ 
trol, and aesthetics. 

Large multipurpose reservoirs, such as those on the main stem of the Missouri 
River, also provide storage to meet periodic navigational flows. In such cases, reservoir 
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operating policies must be designed to accommodate the conflicting requirements of 
other water uses for which storage is provided. 


Hydroelectric Power Generation 

In the past, requirements for hydroelectric power were usually heaviest during the peak 
winter heating months, but with the increased use of air conditioning, demands for elec¬ 
tricity are less seasonal, and in some cases the summer months are the most demanding. 
The use of hydroelectric facilities to provide peak power, as opposed to furnishing base 
load, is also becoming more common. Unfortunately, this type of operation increases 
conflicts with recreationists and others who favor little or no short-term fluctuations in 
reservoir levels. In general, conflicts between water use for electric power generation 
and use for other purposes stem from opposing seasonal requirements. For example, 
heavy summertime releases for navigation dictate maximizing storage during the winter, 
a situation in conflict with discharging from storage during the same period to produce 
electricity. Hydroelectric production does not adversely affect all water uses, however; 
for example, water passed through turbines can also be used downstream for navigation, 
flow augmentation, and other purposes. 

Recreation 

About a fourth of the nation’s outdoor recreation activity depends on water. In 1975, 
swimming, Ashing, boating, water skiing, and ice skating accounted for about 3 billion 
activity days. By the year 2000, this figure is projected to increase to about 8 billion [6]. 
Water requirements for recreation are normally greatest in the summer. The sportsman 
and vacationer desire substantial stream flows and unvarying reservoir levels during this 
period. Such conditions are optimal for water-based recreation activities but conflict 
with many withdrawal uses. 

Energy Resource Development 

Water can be used to produce energy via turbines driving electric generators. It can also 
be used to process energy-producing resources such as coal and oil shale and to aid in 
restoring lands despoiled during mining operations. The water requirements for extrac¬ 
tion of coal, oil shale, uranium, and oil gas are not great, but secondary recovery opera¬ 
tions for oil require large quantities of water. Substantial quantities of water may be 
used in coal slurry pipelines and for retorting oil shale. Synfuels conversion processes 
also require large quantities of water, and as stated earlier, withdrawal of water for cool¬ 
ing thermal electric plants is the largest category of total water use in the United States. 

The availability of water is a factor in the location and design of energy conversion 
facilities, but these users can generally afl^ord to pay high prices for water. Securing legal 
nghts to water, rather than its availability, is often the critical issue in dry regions. 


^•3 Water Use Trends 

Analyses of water use projections made since 1970 show that a rapidly increasing rate 
of per capita water use is less likely than estimators of the 1950s and 1960s would have 
believed. Another point is that national or regional trends are not always indicative of 
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State and local trends. Thus, planners must be equipped to deal with development and 
management options at several geographic levels so that special local and regional in¬ 
fluences can be accommodated. Although the overall tendency in water use to the 
year 2000 appears to be more conservative than that of the past, striking local variances 
can be expected. 

Every five years the United States Geological Survey publishes a circular entitled 
“Estimated Water Use in the United States” [7]. This publication summarizes wateruse 
in each major water-using category and indicates trends over time. The data are available 
by state and by region. Table 4.2 gives 1995 water use estimates and Table 4.3 shows 
water use trends from 1950 to 1990. Note that the total offstream withdrawal figure 
declined from 440 bgd in 1980 to 399 bgd in 1985, and then increased to 408 bgd in 
1990. Even though the 1990 figure exceeded the 1985 one, during the ten-year period 
from 1980 to 1990 there was an overall reduction in total withdrawals of about 7.3% 
even though the U.S, population increased almost 10% during that same period. The 
shift in trend that occurred in 1980 suggests that a more conservative approach to water 
use and water resources development is beginning to take hold. Table 4.3 and Figure 4.6 
show trends for several of the water-using sectors. Note that of the fresh water users, 
public supply increased the most from 1985 to 1990 (about 5%). This is not surprising, 
however, since the public sector is strongly associated with population growth and as 
long as the population continues to increase, water use in that sector can be expected to 
increase, although not necessarily at the same per capita rate. Figure 4.7 indicates the 
sources (surface and groundwater), from which fresh and saline water was withdrawn in 
1990. Of all of the water withdrawn in 1990, about 70% was returned to the source after 
use, about 7% was lost in irrigation conveyances, and 23% was consumptively used 
(evaporated or transpired). Of the amount of water consumptively used, irrigated agri¬ 
culture was responsible for about 81%. 

■ EXAMPLE 4.2 Compare the estimated total water witndrawals for domestic and 
commercial use with total withdrawals for all purposes for the state water use data given 
in columns 1 — 4 of Table 4.4. Then compare the sum of all water uses for these same 
states for purposes other than steam electric cooling and agriculture with the totals for 
the states in the year 2000 

Solutfon: 

The comparisons are given in Table 4.4. The values in column 4 range from 
about 5% to almost 14% and are indicative of the relatively small fraction of 
municipal use to total water use. The figures in column 6 indicate that, in gen¬ 
eral, once agricultural and steam electric uses have been removed, the remaining 
water uses are normally well below 50% of the total. 

2. The average of the values in column 5 is 9.34% (74.75/8). In like manner, the 
average of the values in column 6 is 23.76. A comparison of these values with 
the national average estimates made by the Water Resources Council in 1975 
indicates that 12.1% for domestic and commercial use and 23.1% for all uses 
excepting agriculture and steam electric shows good agreement. 

This example demonstrates the significance of irrigation water use and steam electric 
use contrasted with all other water-withdrawing categories. It can also be seen that the 
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Figure 4.6 Trends in fresh-water withdrawals by water use category for rural, 
public supply, industry, thermoelectric, and irrigation, 1950-90 [7]. 


percentage of domestic and commercial use of the total is fairly uniform from state 
to state, at least for those states analyzed. The high percentages shown in column 6 
for Pennsylvania and Alaska can be traced to the high percentage of industrial water 
use in these two states relative to that in the other states tor which data were reported. 



1950 1955 1960 1965 1970 1975 1980 1985 1990 


Figure 4.7 Trends in offstream and instream water uses, 1950-90 [7]. 
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Table 4.A Estimated Water Use in the Year 2000 for Various 
Categories for Severai States_ 


STATE 

ESTIMATED 
TOTAL WATER 
WITHDRAWAL 
Wt 
(bgd) 

MUNICIPAL 

WATER 

WITHDRAWALS 

ALL WITHDRAWALS 
EXCEPT STEAM 
ELECTRIC AND 
AGRICULTURE 

(bgd) 

(%0fWr) 

(bgd) 

(% of Wr) 

Alabama 

24.5 

1.5 

6.12 

4.5 

18.36 

Alaska 

1.3 

0.18 

13.7 

0.9 

68.7 

Arizona 

10.3 

1.3 

12.62 

2.3 

22.33 

Pennsylvania 

16.5 

1.5 

9.1 

6.5 

39.39 

North Dakota 

8.1 

0.7 

8.64 

0.7 

8.64 

New Mexico 

4.6 

0.4 

8.69 

0.4 

8.69 

New York 

37.0 

4.0 

10.81 

7.0 

18.91 

Nebraska 

13.8 

0.7 

5.07 

0.7 

5.07 

Total 



74.75 


190.09 


Source: “State and National Water Use Trends to the Year 2000,” Committee on Environment and Public 
Works, U.S. Senate, Serial No. 96-12, May 1980. 


4.4 Factors Affecting Water Use 

A number of elements can affect the amount and timing of water use. They must be 
taken into consideration when forecasts of future water uses are to be made. Important 
among these considerations are: population size and character; climate; the composition 
of the region or community being dealt with; the cost of water; economic conditions; 
public attitude toward conservation and wastewater reuse; regulatory policies; prevail¬ 
ing water management practices; public commitment to environmental protection and 
restoration; tourism; emerging technologies; and relevant federal, state, and local 
government laws and ordinances. 

Population, The amount of water used in a locality is directly related to the size, 
distribution, and composition of the local population. Errors in projecting population 
changes affect water use projections as well. 

Climatic Conditions. The amount of water used in a region is a function of the 
prevailing climate. Lawn sprinkling, gardening, bathing, irrigation, cooling, and many 
other water uses are directly affected. 

Composition of the Community or Region. The type and scale of residential, 
commercial, industrial, and agricultural development in an area will have a profound 
effect on local water usage. 

Economic Conditions. Economic health is reflected in all aspects of resource 
management and development. Inflation and other economic trends influence the avail¬ 
ability of funds for water supply, wastewater treatment, and environmental and other 
programs, and they affect the attitudes of individuals as well. 
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Environmental Protection . Social attitudes toward environmental protection and 
enhancement strongly affect water resources management and development processes. 
Water use forecasts must take into account changing attitudes about what constitutes a 
beneficial use of water and how society perceives the importance of allocating water for 
environmental purposes. 

Conservation. Attractive alternatives to the development of new water supplies 
are conservation practices and the reuse of wastewaters. These approaches, although not 
a panacea, can at least delay the need for additional water supplies and/or the develop¬ 
ment of new facilities. 

Management Practices. Water management practices influence water use trends. 
They include: interbasin transfers; weather modification; saline water conversion; water 
reclamation and reuse; and genetic engineering [12-20]. The impact of technological 
change on water use can be significant. 

Social Perspectives. There is considerable public interest in protecting and/or 
restoring environmental values. Such views ultimately influence water allocation 
strategies. 

Tourism. Some states, such as Florida, have tourist populations that significantly 
exceed their resident populations. The impacts of such conditions must be recognized 
when forecasting future water demands. 


4.5 Population Estimates 

Generally, the greater the number of people residing in an area, the more water will be 
used. Furthermore, it is not only the number of people that is important but also their 
ages, level of education, social background, religious beliefs, and other factors. 

Population issues include the way in which the current population is, and the future 
population will be, distributed geographically; the trend in population growth rate and 
the likelihood that it will shift; the measures that might be taken to influence the growth 
rate; and how the population growth rate affects the economy, natural resources, labor 
force, energy requirements, urban facilities, world food supply, and so on. 

Historical data are basic to estimating future levels of population, but unfortunately 
these data are not always handy. The problem is especially severe in some developing 
countries. And even in the United States, errors in current estimates are common. Due 
to data deficiencies or discrepancies and the many uncertain factors influencing popu¬ 
lation change (fertility, mortality, migration, and so on), most forecasters suggest the use 
of at least three possible trends in growth based on plausible mixes of influencing 
factors. 

Factors Affecting Population Trends 

The rate of population change at any location and at any time is determined by many 
factors, some of which are interactive. They include birth rate, death rate, immigration, 
emigration, government policies, societal attitudes, religious beliefs, education, tech- 
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nological change, and war. The components of population change (births, deaths, net 
migration) can be linked together to form the fundamental population equation: 

P2 = /’i + 5- D±M (4.3) 

where 

Pi = size of the population at the end of the time interval 

Pi = size of the population at the beginning of the interval 

B = number of births occurring in the population during 
the interval 

D = number of deaths occurring in the population during 
the interval 

M = net number of migrants moving to or away from the 
area during the interval 

A very important population factor in the United States, especially in recent years, 
has been the internal migration from the Northeast and other areas to the South and 
West. Another problem is that associated with the trend toward out-migration from cen¬ 
tral cities. Both of these aspects have strong implications for water management. 

It has been reported that the number of people living in central cities declined about 
4.6 percent from 1970 to 1977 [21]. Most of the cities showing declines are in the 
Northeast, but cities larger than one million in population are showing sunilar declines 
even in the South. With the decline in population of these cities has also come a shifting 
of composition. For example, the more affluent people are generally leaving, so that the 
remainder, the poorer people, are left to shoulder the tax burdens, maintain services, and 
so on. This trend is placing great stress on the traditional mechanisms of mumcipal 
finance. In the water supply area it is manifest in the problem of maintaining a large 
infrastructure already in place with fewer resources to do so. 

A second problem is rural migration. After about 1970, the rate of population 
growth of nonmetropolitan counties exceeded the growth rate of metropolitan areas 
[21,22]. This was due to the belief by many urban Americans that rural locatio^ were 
more attractive, and in some cases less expensive, places for residence. This issue is 
companion to the loss of population from central cities. In some cases, the rapid shifting 
of the population to areas previously settled sparsely creates significant problems of 
providing needed services, water and wastewater among them. How long this trend 
continues cannot be easily predicted. Factors that could counter it include escalating 
energy costs, nnaking transportation to jobs more costly, and urban renewal projects in 
downtown areas offering modern accommodations combined with convenience to city 
attractions. 

Finally, a phenomenon known as the sun-belt trend has brought about major re¬ 
gional shifts in the United States population since the 1960s. The population in the 
northeastern and north central states has been steadily declining, whereas growth in the 
South and particularly the West has been accelerating. For example, between 1970 and 
1977 the population of the West grew 31 times more rapidly than the population of the 
Northeast [21]. 

The types of internal flows of people just discussed must be given serious consid¬ 
eration by planners and managers. The impacts of rapid increases or decreases m popu- 
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lation have been pointed out. Beyond this, there is the question of how long some of 
these trends might prevail and whether they will ever reverse and, if so, to \yhat degree. 


Population Estimating 

The types of population estimates required for the operation and design of water supply 
and waste treatment works are (1) short-term estimates in the range of 1 -10 years and 
(2) long-term estimates of 10-50 years or more. The methods used to make these two 
kinds of forecasts differ appreciably. 

The prediction of future population is at best complex. It should be emphasized that 
there is no exact solution, even though seemingly sophisticated mathematical equations 
are often used. War, technological developments, new scientific discoveries, government 
operations, and a whole host of other factors can drastically disrupt population trends. 
There is no sure-fire way to predict many of these occurrences; thus their impact can 
only be estimated to the best of current ability. Both mathematical and graphical meth¬ 
ods are used in estimating future populations. U.sually the computations or analyses are 
based on past census records for the area, or on the records of what are considered 
similar communities. These estimates are based primarily on an extension of existing 
trends. They do not take into consideration factors such as the influx of workers when 
new industries settle in the area, the loss of residents due to curtailment of military 
activities, or changes in business or transportation facilities. To optimize the estimate, 
all possible information regarding anticipated industrial growth, local birth and death 
rates, government activities, and other related factors should be obtained and used. The 
local census bureau, the planning commission, the bureau of vital statistics, local utility 
companies, movers, and the chamber of commerce are all sources of information. 

The most widely employed mathematical or graphical methods for extending past 
municipal population data are (1) arithmetical progression or uniform growth rate, 
(2) constant percentage growth rate, (3) decreasing rate of increase, (4) graphical exten¬ 
sion, (5) graphical comparison with the growth rates of similar and larger cities, (6) the 
ratio method based on a comparison of the local and national population figures for past 
census years, and (7) the use of mathematical trends such as the Gompertz and logistic 
curves [23], 

Short-Term Estimating 

Short-term estimates (1 — 10 yearsj are generally made by arithmetic progression, geo¬ 
metric progression, decreasing rate of increase, or graphical extension. Each of the first 
of these three procedures is based upon a population growth curve of the type shown in 
Fig. 4.8. The figure shows that the typical S curve can be considered to consist of three 
segments, which can be described approximately by a geometric increase, an arithmetic 
increase, and a decreasing rate of increase. 

ARITHMETICAL PROGRESSION. This method of estimation is based on a con¬ 
stant increment of increase and may be stated as follows: 



(4,4) 
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Time (yr) 

Figure 4.8 Population growth curve. 


where 

Y = population 
t = time (usually years) 

Ku = uniform growth-rate constant 

If represents the population at the census preceding the last census (time t\), and Y 2 
represents the population at the last census (time ti), then 



Integrating and inserting the limits, we obtain 


Therefore, 


Y 2 - Y,= KM2 - ti) 


K. = 


Y2 - y, 

ti - 


(4.5) 


We use Eq. (4.5) to write an expression for short-term arithmetic estimates of population 
growth: 


y = y -H ^ - -(t - ti) (4.6) 

ti' t, 

where t represents the end of the forecast period. 

CONSTANT-PERCENTAGE GROWTH RATE. For equal periods of time tins pro¬ 
cedure assumes constant growth percentages. If the population increased from 90,()00 
to 100,000 in the past 10 years, it would be estimated that the growth in the ensuing 
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decade would be to 100,000 + 0.11 X 100,000, or 111,000. Mathematically, this may 
be formulated as 

^ (4.7) 

dt 

where the variables are defined as before, except that Kp represents a constant percent¬ 
age increase per unit time. Integrating this expression and setting the limits yields 

= log. y. L °§f (4J1) 

^2 ^ t 

A short-term geometric estimate of population growth is thus given by 

log, Y = log, Y^ + Kpit - h) (4.9) 

Base 10 logs may be used in Eqs. (4.8) and (4.9). 


DECREASING RATE OF INCREASE. Estimates made on the basis of a decreasing 
rate of increase assume a variable rate of change. Mathematically, the decreasing rate of 
increase may be formulated as 

^ = K(Z - y) (4.10) 

dt 

where Z is the saturation or limiting value that must be estimated and the other variables 
are as defined before. Then 


and upon integration. 


Rearranging yields 


dY 

y, Z - Y 


Ko 


f 


dt 





Z - 72 = (Z - 


Then, subtracting both sides of the equation from (Z — 7,), 


(Z - 7i) - (Z - 72) = (Z - 70 - (Z - 

and 

72 - 7, = (Z - 70(1 - (4.11) 

Equation (4.11) may be used to make short-term estimates in the limiting region. 


Long-Term Estimating 

Long-term predictions are usually made by graphical comparison with growth rates of 
similar and larger cities, or by selecting a mathematical trend such as the Gompertz or 
logistic curve and fitting this to the observed data [24]. These predictions are usually 
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less reliable than short-term estimates, since there is considerable opportunity for unpre¬ 
dictable factors to affect the anticipated trend. 

GRAPHICAL COMPARISON WITH OTHER CITIES. The population -time curve 
of a given community can be extrapolated on the basis of trends experienced by similar 
and larger communities. Population trends are plotted in such a manner that all the 
curves are coincident at the present population value of the city being studied (see 
Fig. 4.9). The cities selected for comparison should not have reached the reference popu¬ 
lation value too far in the past since the historical periods involved may be considerably 
different. It should be understood that the future growth of a city may digress signifi¬ 
cantly from the observed development of communities of similar size. In making the 
final projection, consideration should be given to conditions that are anticipated for the 
growth of the community in question. With the exercise of due caution, this method 
should give reasonable results. 

MATHEMATICAL CURVE FITTING. Generally, mathematical curve fitting has its 
greatest utility in the study of large population centers, or nations. The Gompertz curve 
and the logistic curve are both used in establishing long-term population trends. Both of 
these curves are S-shaped and have upper and lower asymptotes, with the lower asymp¬ 
totes being equal to zero. 



Time -► 

Figure 4.9 Graphical prediction of population by comparison. 
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The logistic curve in its simplest form is [24] 


Y. = 


K 

1 + 10 “+^^ 


(4.12) 


where 

Yc = ordinate of the curve 

X = time period in years (10-year intervals are frequently chosen) 

K, a, b — constants 

To fit this curve, three years, represented by Xo, Xi, and X 2 , each equidistant from the 
other in succession, must be selected. These years are chosen so that one will be near 
the earliest recorded population for the area, one near the middle, and one near the end 
of the available record. The fitted curve will pass through the values of Yq.Yu and Fj, 
which are associated with Xo, Xi, and X 2 . The origin on the X axis is at the year indi¬ 
cated by Xq. The number of years from Xo to X 1 or from Xi to X 2 is designated as n. 
The constants are then obtained by using the following equations: 


2YoY,Y2 - YKYq + Y 2 ) 
YoYz - r? 


(4,13) 


, K - Yo 
a = log —-- 


(4.14) 


b 


I 

n 



YoiK - y,) ~ 
Y,{K - yo)_ 


(4.15) 


Substitution of these values in Eq. (4.12) permits determination of Y, for any desired 
value of X. 


Population Density 

A knowledge of the total population of a region will allow estimates of the total volume 
of water or wastewater to be considered. In order to design conveyance systems for these 
flows, additional information regarding the physical distribution of the population to be 
served must be used. A knowledge of the population density as well as of the total 
population is important. Population densities may be estimated from data collected on 
existing areas and from zoning master plans for undeveloped areas. Table 4.5 may be 
used as a guide if more reliable local data are not available. 


Table 4.5 Guide to Population Density 


AREA TYPE 

NUMBER OF PERSONS 

PER ACRE 

Residential—single-family units 

5-35 

Residential—multiple-family units 

30-100 

Apartments 

100-1000 

Commercial areas 

15-30 

Industrial areas 

5-15 
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■ EXAMPLE 4.3 A community having a population of 250,000 in 1980 estimates that 
its population will increase to 400,000 by the year 2000. The water treatment facilities 
in place can process up to 55 millions of gallons per day (mgd). The 1980 per capita 
water use rate was found to be 160 gpcd. Estimate the water requirements for the 
community in 2000 assuming that the per capita use rate remains unchanged. Will new 
treatment facilities be needed to accommodate this growth in population? If revised 
plumbing codes were adopted during the period of growth and if these changes resulted 
in an overall reduction in the community’s water use by 15%, what would the water 
requirement be in 2000? Could expansion of treatment facilities be deferred until after 
the year 2000 under these conditions? 

Solution: 

1. The water requirement in the year 2000 for a population of 400,000 and a per 
capita use rate of 160 gpcd would be 

400,000 X 160 = 64 mgd 

2. Since 64 mgd exceeds the 1980 treatment capacity of 55 mgd, new facilities 
would be needed before the year 2000. 

3. For a 15% reduction in water use, the per capita water requirements would be 

160 X 0.85 = 136 gpcd 
Water use in 2000 would be 

136 X 400,000 = 54.4 mgd 

4. Under these conditions, expansion of water treatment facihties could be deferred 
until after the year 2000, since the demand of 54.4 mgd is less than th.e treatment 
plant capacity of 55 mgd. 

This example illustrates that an alternative to providing new facilities to meet expanding 
water needs could be more efficient use of the water already at hand. ■ 

■ EXAMPLE 4.4 Consider that in 1980 a state had a total water withdrawal of eight 
billion gallons per day (bgd) distributed as follows; municipal water use, 1 bgd; steam 
electric generation, 5 bgd; and irrigated agriculture, 2 bgd. The 1980 population was 
11.7 million and by the year 2000 it is expected that the population will increase to 
13.2 million. Furthermore, it is estimated that 4000 megawatts (MW) of new electric¬ 
generating capacity will be installed by 2000 and that irrigated acreage will expand by 
500,000 acres. Estimate the total water withdrawal in 2000 and the withdrawal for each 
of the three sectors. 

Solution: 

1. Estimated water use in the municipal sector can be obtained by using the pro¬ 
jected change in population and an estimate of per capita water use in the year 
2000. Assume the latter to be 140 gpcd. 

Change in population 1980 to 2000 = 13.2 - 11.7 = 1.5 million 

1.5 X 140 = 210 mgd = 0.21 bgd increase in municipal water use from 1980 

to 2000 
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2. Assume that the water requirements for the crops to be raised average 3 acre-ft 
per acre. 

500,000 (acres) X 3‘ (acre-ft/per acre) = 1,500,000 acre ft irrigation water 
needed annually in 2000. Since 1.12 million acre-ft/yr = 1 bgd, 1.5/1.12 = 
1.34 bgd, the added irrigation water requirement in the year 2000. 

3. Assume that the plant capacity factor for the steam electric facilities to be built 
is 60% (this measures the percentage of the nameplate, or installed capacity, of 
generating facilities that is actually realized in operation). At a 60% capacity 
factor, one kilowatt of instiled capacity would produce 14.4 kilowatt-hours 
(kWh) of electrical energy each day. Note also that the WRC indicates that new 
steam electric facilities using once-through cooling (which we shall assume 
here) will require about 50 gallons of water per kilowatt-hour. Then 

4000 MW X 1000 (kW/MW) X 14.4 = 57,600,000 kWh per day 

57.6 X 10* X 50 (gal/kWh) = 2880 mgd or 2.88 bgd, the water requirement for 

steam electric cooling to be added during the interval 1980 to 2000 

4. The added water requirements to the year 2000 are thus obtained by totaling the 
incremental increases for the three sectors: 

0.21 + 1.34 + 2.88 = 4.43 bgd increase; thus, the total water withdrawal in 
20(K) would be 4.43 + 8.00 = 12.43 bgd. The combined withdrawal use in 2000 
would thus be about 1.6 times that of 1980. ■ 


4.6 Water Use Forecasting 

Forecasting is the art and science of looking ahead; it is the core of planning processes. 
Options for selecting a forecasting procedure range from the exercise of judgment to the 
use of complex mathematical models. Forecasts are required for periods varying from 
less than a day to more than 50 years. Unfortunately, the more distant the planning 
horizon, the more questionable the forecast. It is therefore important that great care be 
exercised in selecting a forecasting technique and that an understanding be had of the 
limitations of the method selected. Furthermore, it is recommended that an array of 
alternative futures, rather than a single projection, be used to guide decision-making 
processes. Forecasts should be recognized for what they are: approximations of what 
might occur, not accurate portrayals of what will be. Commonly used forecasting meth¬ 
ods include projections based on historic data, the use of models and simulation, and 
qualitative and holistic techniques [25]. 

The Delphi technique and scenario writing are examples of qualitative/holistic ap¬ 
proaches, while trend extrapolation and trend impact analysis are history-based proce¬ 
dures [25]. Simulation is the process of mimicking the dynamic behavior of a system 
over time. A simulation model is a surrogate of the real-world system it is designed to 
represent. The results of simulation computer runs are widely used to describe (forecast) 
the future states of water or other systems being studied. 

Many types of forecasting models have been used in water supply planning. They 
range from rough trend extrapolations and crude correlations of variables to complex 
mathematical representations of the dynamics of land and water use. Historically, future 
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water requirements were determined as the product of a projected service area popula¬ 
tion and an anticipated per capita water use rate. Such an approach employs only two of 
the determinants of water use. Furthermore, per capita water use rates generally vary 
within and among communities and over time. The bottom line, however, is that long¬ 
term planning for public water supply systems depends on reliable forecasts of water 
demands and on the identification and assessment of demand-side alternatives. Demand 
reduction options must be considered because they can increase the efficiency of water 
use, thereby increasing the likelihood that future water supplies and demands will be 
balanced at a cost below the economic, social, and environmental costs of developing 
new water sources. 


IWR-MAIN Water Demand Analysis Software 

IWR-MAIN is a computerized water use forecasting system that includes a range of 
forecasting models, social and economic parameter-generating procedures, and data 
management techniques [26-32]. The software features a high level of disaggregation 
of water use categories and user flexibility in selecting forecasting methods and assump¬ 
tions. It is designed to deal principally with urban water uses’, residential; commercial/ 
institutional; manufacturing; and uses not accounted for in other sectors. The model also 
provides for forecasts of water use recognizing the influences of conservation policies. 
Figure 4.10 indicates the disaggregation of urban water use, Fig. 4.11 summarizes esti¬ 
mation methods, and Fig. 4.12 indicates the IWR-MAIN model inputs and outputs. The 
narrative presentation of the IWR-MAIN model given herein follows that of Planning 
and Management Consultants, Ltd. [26] and [27]. 

IWR-MAIN Version 6.1 ® has three major components: forecasting water use, es¬ 
timating conservation water savings, and perfomung benefit cost analyses. IWR-MAIN 
uses econometric water demand models for translating the existing demographic, hous¬ 
ing, and business statistics into estimates of existing water demands and contributions 
to sewer flows. These estimates are used to fine-tune the water use equations for trans¬ 
lating the long-term projections of population, housing, and employment into disaggre¬ 
gated forecasts of water use. An extensive analysis of existing and projected demands, 
disaggregated by season, sector, and purpose, is conducted in order to generate estimates 
of water conservation savings from efficient technologies and plumbing codes as well 
as from utility-sponsored programs such as retrofits, water audits, financial incentives, 
and public education and information initiatives. Estimates of water savings can also be 
used in an analysis of economic effectiveness of demand-side alternatives. 

The IWR-MAIN software disaggregates total urban water use by customer sectors, 
time periods, spatial study areas, and end use purposes. Water demands of various parts 
of a service area are disaggregated according to their seasonal variation and the relative 
needs of various customer classes and sectors (e.g., residential single-family, residential 
multifamily, commercial, manufacturing, government, etc.). The water demands of each 
sector in a given area and tim e period are expressed as a product of (1) the number of 
users (i.e., Herriarid drivers such as the number of residents, housing units, employees, 
parkways, etc.) and (2) the average rate of water use (e.g., per household or per em¬ 
ployee) as determined by a set of explanatory variables for a given sector. In the residen¬ 
tial sector, the set of explanatory variables may include income, price of water and 
wastewater services, household size, housing density, air temperature, and rainfall. In 
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Figure 4.10 Disaggregation of urban water use. (Courtesy of Planning and 
Management Consultants, Ltd., Carbondale, IL.) 


the nonresidential sector, these factors may include employment by industry type, labor 
productivity, weather conditions, and the price of water and wastewater services. Sepa¬ 
rate forecasts can be made for each identified sector; for specific study areas such as 
cities, counties, and load zones; for summer and winter daily water use; and for average 
daily, annual, and peak-day water use. In addition, the software provides for the inclu¬ 
sion of a variety of demand management or conservation practices. The conservation 
savings component of IWR-MAIN distinguishes among passive, active, and emergency 
(i.e., temporary) conservation effects. Passive conservation effects are represented by 
shifts in end use consumption from less efficient fixtures/practices to more efficient 
fixtures/practices brought about mainly through plumbing codes for new construction 
or improved water-using technologies. The conservation savings of active programs are 
estimated by noted changes in water use efficiency classes brought about by participa¬ 
tion in a utility-sponsored program in which inefficient or standard end uses are replaced 
or retrofitted. These water savings can be incorporated into long-term forecasts of water 
demand. 










Figure 4.11 IWR-MAIN estimation methods. (Courtesy of Planning and 
Management Consultants, Ltd., Carbondale, IL) 



Figure 4.12 IWR-MAIN inputs and outputs. (Courtesy of Planning and 
Management Consultants, Ltd., Carbondaie, IL [26].) 
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IWR-MAIN can also assist the user in conducting benefit/cost analyses of demand 
management alternatives. A number of economic feasibility tests are used to evaluate 
the economic merits of conservation programs, including: net present value, discounted 
payback period, benefit/cost ratio, levelized cost, and life-cycle revenue impact. The 
results of the benefit/cost component of IWR-MAIN can be used in comparing supply 
augmentation alternatives with demand management alternatives using the same eco¬ 
nomic criteria. 

IWR-MAIN also offers the ability to conduct sensitivity analyses, or “what-if" 
scenarios regarding projected changes in the determinants of water demand and to assess 
the impact of these changes on long-term water demands. Thus water planners may 
evaluate the impact of changes in socioeconomic conditions, weather patterns, water 
pricing, or alternative conservation programs. 

Residential Sector Forecasting 

Within the residential sector of IWR-MAIN there are seven subsectors available for fore¬ 
casting water demands: (1) single family—1 attached, 1 detached units; (2) multi- 
family low density—2,3,4 units per structure; (3) multifamily high density—5 or more 
units per structure; (4) mobile homes; (5) nonurban; (6) user added; and (7) total resi¬ 
dential. These categories correspond to the housing types used by the U.S. Bureau of 
the Census. One or more of the seven subsectors may be used depending on the char¬ 
acteristics of the service area. 

Average rates of water use within each residential subsector are estimated using 
causal water demand models, which take the following theoretical form [26, 27]: 

(4.16) 

where 

= predicted average water use in sector c, during season s, in year t 
I = median household income 
H = average household size (persons) 

L = average housing density (units per acre) 

T = average -.aximum daily temperature 
R = rainfall 

P = marginal price of water (including sewer charges related to water use) 

B = fixed charge or rate premium 
a = constant 

= constant elasticities of explanatory variables 
Bt = coefficient of the rate premium 
e = base of the natural logari thm 

The season, sectoral, and temporal indices of the explanatory variables in the above 
equation are suppressed herein for clarity. This water demand model conforms to eco¬ 
nomic theory and may be considered causal since the explanatory variables can be 
shown to cause the demand. For example, income measures the consumer’s ability to 
pay for water and price influences the amount of water the consumer is willing to 
purchase. 

The default elasticilies of the explanatory variables of residential household water 
use are derived firom econometric studies of water demand through a rigorous statistical 
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analysis of empirical data. Multiple regression is used to explain the variance in the 
values of reported elasticities due to interstudy differences. Note that elasticity is inter¬ 
preted as the percent change in quantity (e.g., water use) that is expected from a one 
percent change in the explanatory variable [27]. 

Nonresidential Sector Forecasting 

The nonresidential sector of IWR-M AIN addresses water uses within the following ma¬ 
jor industry groups: (1) construction; (2) manufacturing; (3) transportation, communi¬ 
cations, and utilities (TCU); (4) wholesale trade; (5) retail trade; (6) finance, insurance, 
and real estate (FERE); (7) services; and (8) public administration. The eight major in¬ 
dustry groups are classified according to Department of Commerce Standard Industrial 
Classification (SIC) codes. The conceptual model of water use in the nonresidential 
(commercial/industrial) sector is [26, 27]: 

Q, = fiGED,, E„ L,. P., CDD, 0,) (4.17) 

where 

Q, = category-wide water use in gallons per day 
GED, = gallon per employee per day water use 
E, = category-wide employment 
L, = average productivity (of labor) in category i 
P, = marginal price of water and wastewater services in category i 
CDD = cooling degree days 

0, = other variables known to affect commercial/industrial water use 

Although this ±eoretical model is fully operational within IWR-MAIN, there are 
no currently available econometric (and generally applicable) models that contain model 
elasticities for price, productivity, cooling degree days, or the other variables for non- 
residentia) water uses. The IWR-MAIN system is designed, however, to accommodate 
the above model specifications once data become available regarding the responsiveness 
of nonresidential water use to such variables. At present, IWR-MAIN calculates com¬ 
mercial/industrial water use based upon gallon per employee per day coefficients for 
SIC categories and groups [26,27]: 

Q, = {GED, • E.) (4.18) 

The water use per employee coefficients contained within IWR-MAIN are the re¬ 
sult of extensive research devoted to collecting data on employment and water use for 
various establishments throughout the United States. The water use coefficients within 
IWR-MAIN are based upon the analysis of water use and employment relationships in 
over 7000 establishments. Table 4.6 shows the water use per employee coefficients for 
the eight major industry groups. 

In all, IWR-MAIN can address water uses in 8 major industry groups, 65 2-digit 
SIC categories, or 417 3-digit SIC categories. Water use per employee coefficients are 
available for each category. For each major industry group, IWR-MAIN users have the 
option of addressing water uses at the major industry group level, 2-digit SIC level, or 
3-digit SIC level The appropriate SIC level to be used should be based upon the struc¬ 
ture of employment in the community, the availability of employment data at the various 
levels, and the need for sensitivity analyses regarding potential water use impacts. 
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Table 4.-6 Nonresldential Water Use Coefficients Currently Contained 
in IWR-MAIN Version 6 (1995) 


MAJOR INDUSTRY GROUP 

SIC 

CODES 

WATER USE COEFFICIENT 
(gallons/employee/day) “ 

Construction 

15-17 

20.7 

(244) 

Manufacturing 

20-39 

132.5 

(2,784) 

Transportation, 

communications, utilities (TCU) 

40-49 

49.3 

(225) 

Wholesale trade 

50-51 

42.8 

(750) 

Retail trade 

52-59 

93.1 

(1,041) 

Finance, insurance, real estate (FIRE) 

60-67 

70.8 

(233) 

Services 

70-89 

137.5 

(1,870) 

Public administration 

91-97 

105.7 

(25) 


“The numbers in parentheses represent the sample number of establishments from which the water use co¬ 
efficient was calculated. 

(Courtesy of Planning and Management Consultants, Ltd., Carbondale, IL [27].) 


Public Sector Forecasting 

IWR-MAIN can be used to address water uses that occur in a service area not accounted 
for by the other sectors. Water use in these special categories must be expressed as a 
function of a single explanatory variable (such as the number of acres or number of 
facilities). Water use coefficients (expressed in gallons per day per selected unit) must 
also be provided. Forecasts for these uses can be made by projecting the number of units 
into the future and multiplying them by the appropriate water use coefficients. The fol¬ 
lowing are examples of uses and defining parameters that may fall within this classifi¬ 
cation: (1) irrigation of public parks and medians (acres); (2) make-up water for public 
swimming pools (number of pools); and (3) irrigation of golf courses (acres) [26,27]. 

Other/Unaccounted-For Sector Forecasts 

The difference between the total quantity of water produced (treated and delivered) and 
the quantity of water sold to customers is referred to as unaccounted-for water use. This 
sector may include the following types of uses/losses: (1) distribution system leak¬ 
age; (2) meter slippage; (3) hydrant flushing; (4) major line breaks; (5) fire fighting; 
(6) unmetered or nonbilled customers; (7) illegal connections; and (8) street washing/ 
construction water [27]. Water utilities generally record unaccounted-for water use as 
the percentage difference between total quantity of water delivered into the distribution 
system and total metered sales. In the IWR-MAIN model, users specify a percentage 
rate for each base and forecast year to estimate the amount of unaccounted-for water. 

Socioeconomic Input Data Requirements 

Two types of data are required for the generation of water use estimates from the 
IWR-MAIN system: (1) actual values of demographic and socioeconomic determinants 
(or parameters) of water use for the base year and (2) projected values of selected deter¬ 
minants for each forecast year [26]. IWR-MAIN can accommodate a variable degree of 
data availability. The amount of time and effort required to prepare a forecast 
on»the chosen level of detail of the input data and the chosen level of disaggregation of 
the user sectors. Base year input data for the IWR-MAIN system may be used to esti- 
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mate current water requirements and may also be used as a reference for projections 
of future parameter values. For the base year, it is necessary to provide a complete set 
of data for the sectors being addressed. For the forecast years, the data requirements are 
generally more flexible due to the existence of internal growth routines that calculate 
the missing data based upon the projections of only a tew key driver variables (such as 
population and total employment). Details of the socioeconomic and demographic input 
data requirements of the IWR-MAIN system are given in [26,27]. 

IVflter Conservation Savings Methods 

The conservation savings module of the IWR-MAIN system further disaggregates sea¬ 
sonal demands of various water use sectors into a number of specific end uses such as 
dishwashing, toilet flushing, lawn watering, cooling, and others. This high level of dis¬ 
aggregation is designed to accommodate the evaluation of various demand management 
(conservation) measures that usually target specific end uses. The IWR-MAIN conser¬ 
vation savings module utilizes an end use accounting system that disaggregates the sea¬ 
sonal demands of various water use sectors into as many as 20 different end uses [26]. 
A rational representation of each end use is made using a structural end use equation. 
Given parameters of local end use conditions, the equation predicts the average quantity 
of water for each end use as a function of: (1) the distribution of end uses among three 
classes of efficiency (i.e., nonconserving, standard, and ultra-conserving), (2) average 
usage rate or intensity of use, (3) leakage rate and incidence of leaks, and (4) presence 
of end use within a given customer sector. The stmcture of the end use equation allows 
the planner to estimate the net effects of long-term conservation programs by tracking 
the values of each end use parameter over time. 

The end use relationship is expressed as [26,27]: 

q. = [(M,5, + M 2 S 2 + M,S,) • + K ’ F^] • (4.19) 

where 

q, = quantity of water used by end use i, gpd/unit 
M U 3 = mechanical parameter (e.g., volume per use, flow rate per minute) 

5i_ 3 = fraction of the sector for end use that is nonconserving, standard, and 
ultra-conserving (see also Fig. 4.13) 

Un — intensity of use parameters (e.g., flushes per day/unit, minutes of use per 
day/unit) 

K = mechanical parameter representing the rate of leakage 

Ffi = fraction of end uses with leakage 

An ~ fraction of units in which end use i is present 

N = normal use or nondrought/nonemergency 

j.j = end use or group that is nonconserving, standard, and ultra-conserving, 

1 signifying the lowest level of efficiency 

Long-term conservation savings may be achieved by increasing the fractions S 2 and 
Si- This is accomplished by moving customers from one efficiency class to another. For 
example, for each end use, the fraction of the water users would be shifted from noncon¬ 
serving to ultra-conserving or from standard to ultra-consdrving. The quantifiable effect 
of the program is accounted for directly by the numerical shift in the customer pools and 
the change in the fractions of customers in each efficiency class. 
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Figure 4.13 Structural end-use relationships. (Courtesy of Planning and 
Management Consultants, Ltd., Carbondale, IL [26].) 


The conservation savings module distinguishes among passive, active, and emer¬ 
gency (i.e., temporary) conservation effects. Passive conservation effects are represented 
by shifts in end use consumption from less efficient fixtures to more efficient fixtures 
brought about primarily by plumbing codes for new construction (e.g., the toilet end use 
moves from the inefficient 5,5-gallon-per-flush toilet to the standard 3.5-gallon toilet, or 
the highly efficient 1.6-gallon toilet). The conservation savings of active programs are 
estimated by noting changes in the distribution of efficiency classes brought about by 
the participation in a utility-sponsored program whose inefficient or standard end uses 
were replaced or retrofitted. 


Applications 

Output from the IWR-MAIN model can be used to aid in (see also Fig. 4.12): 

• Planning to meet future water supply needs 

• Sizing and expanding distribution systems 

• Preparing contingency plans for water shortages 

• Evaluating the effectiveness of conservation practices 

• Performing sensitivity analyses using varying assumptions about water prices, 
climatic factors, and other determinants of water use 

• Assessing utility revenues with improved precision 

The IWR-MAIN model has been used in Arizona, Illinois, Texas, Oklahoma, Cali¬ 
fornia, Nevada, Massachusetts, Oregon, and Florida [26, 27]. A brief case study of an 
application in Oregon follows. To obtain more information on the IWR-MAIN system, 
or to find out how to obtain the computer program, the reader should access the Planning 
and Management Consultants, Ltd. Web site: http://www.pmcl.com. 

Eugene, Oregon, Case Study 

The Eugene Water and Electric Board’s (EWEB) Water Resource Management Plan 
called for the development of a reliable, accepted, and flexible methodology for fore¬ 
casting water demands and for evaluating the potential impacts of water demand 
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management (water conservation) strategies. In response to a contract, Planning and 
Management Consultants, Ltd. (PMCL) analyzed the EWEB water service area using 
IWR-MAIN Water Demand Analysis Software (Version 6®) [27]. 

The entire EWEB retail and wholesale water service area comprised the study 
area. The year 1990 was chosen as the base year and the planning horizon included the 
years 1995, 2000, 2010, 2015, and 2020. Using current and projected demographic 
characteristics of the area, IWR-MAIN was used to forecast total urban water use by 
sectors (single-family residential, multifamily residential, commercial, industrial, gov¬ 
ernmental, and other) and time steps (annual average daily, summer season average 
daily, winter season average daily, and maximum daily). The baseline water use forecast 
accounted for projected growth of population, housing units, and employment in the 
study area. 

To estimate water savings from water demand management and other programs, 
total sector water demands were broken down into functional purposes or end uses (e.g., 
toilet, shower, landscape irrigation, process, etc.). Once sector water use was allocated 
to these functional purposes, the IWR-MAIN system was used to determine the water 
savings of implementing demand management programs or efficiency improvements. A 
forecast of adjusted baseline water use was prepared that accounted for water savings 
from conservation programs that had already been implemented in EWEB’s service 
area (i.e., a showerhead/faucet retrofit program) and from passive efficiency improve¬ 
ments that were expected to result from state and federal laws. The IWR-MAIN system 
was also used to conduct a benefit/cost analysis of the potential demand management 
programs [27]. 

Using appropriate socioeconomic and demographic data inputs, baseline water use 
projections for municipal and industrial water use were made for the years 1990,1992, 
1995,2000,2005,2010, and 2020 (these forecasts did not take into consideration poten¬ 
tial impacts of water demand management measures implemented after 1992). The base- 
hne forecasts of average daily and maximum daily water use are given in Table 4.7. The 
water use estimates for 1990 and all subsequent years reflect long-term average weather 
conditions. The demographic data driving the water use forecasts did not take into ac¬ 
count the closure of a food products company and/or the potential establishment of a 
new Hyundai facility. The forecast showed that average daily residential demands could 
be expected to increase by 57% between 1990 and 2020. This generally follows the 
projections of population and housing units. However, nonresidential water demands 
during the same time period were projected to increase by only 42%. These water de¬ 
mands generally follow employment statistics. The most rapid growth in nonresidential 
water demands was expected to occur in water use related to the finance, insurance, and 
real estate and services industries. Average daily demands and maximum daily demands 
were projected to increase by about 53% and 55%, respectively. Maximum daily de¬ 
mands would be expected to increase at a slightly higher rate because residential water 
use, which has a larger component of outdoor use, is projected to grow more rapidly 
than nonresidential use [27]. 

Alafia River Basin Model 

The Alafia River Basin model is an interesting departure from other approaches for pro¬ 
jecting water use. It incorporates a geographic information system (GIS) data base and 
display capability as well as a conceptual energetics circuit component to simulate 
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future land use demand scenarios. The model is a spatially distributed and time- 
incremented land and water use model of the Mafia River Basin in Florida [33]. Total 
water use is estimated for three major water use categories; urban, agricultural, and 
phosphate mining, per square mile section per month. Most of the baseline data on land 
use were obtained from county tax appraiser tax tapes by grouping various detailed 
land use codes. Baseline data on water use were estimated from metered systems rec¬ 
ords, agricultural benchmark farm operations, water utilities records, and other sources 
of information. 

Although dynamic simulation models have been widely used for many years, there 
are few examples of models that spatially distribute results. Accordingly, a series of 
computer programs fitted to simulating change and spatial location of land use on a 
regional basis had to be designed. Five elements emerged as necessary for carrying out 
this task: (1) the design of a baseline data base of existing basin features; (2) a dynamic 
simulation of basin growth; (3) spatial distribution of projected growth within the basin; 
(4) projection of water use to accommodate estimated growth; and (5) program docu¬ 
mentation for technology transfer. Graphical map representations of land and water use 
in the basin were developed as output, but the authors cautioned that these should not 
be interpreted as accurate reflections of land or water use at specific locations. Rather, 
they were intended to indicate the regional character of the data. 

The simulation program employed was seeded by data collected to emulate the 
environmental, cultural, and developmental trends experienced within the basin. The 
simulation model projected past trends through the present into the future. A three-step 
procedure typified the simulation of future land use and water use patterns: (1) simu¬ 
lation of future land use demand scenarios using an energetics circuit model; (2) al¬ 
location of future land use demand to specific geographical areas within the basin; and 
(3) calculation of future water use and pumpage based on projected land use. 

The forecasting model employed was designed to predict alternative futures for the 
basin based upon current conditions, history, and future scenarios. It includes natural, 
agricultural, phosphate mining, and urban subsystems. As the model operates, the vari¬ 
ous subsystems compete for available land and resources within the basin as well as for 
supporting goods and services outside the basin boundary. Model outputs are future land 
acreage and land use.type. The model forecasts the total acreages of natural land, agri¬ 
cultural crop land, phosphate mining land, and urban land for a specified forecast period. 
The acreage estimated for each land use type is then applied to the land distribution 
model by year. 

Once land use patterns are projected, water use coefficients are applied to them to 
yield estimates of total water use by land section and water-using sector. The model 
estimates both water use and water pumpage. Pumpage is located at the point of with¬ 
drawal, while usage is determined at the point of consumption. 

There are numerous models for forecasting water use. The prediction equations for 
many of these models are empirical and have been derived using regression analysis 
and/or other related techniques [34-38]. Most models developed since 1970 also in¬ 
clude the cost of supplying water as a parameter [26,33,35, 38-41]. The IWR-MAIN 
model, which is widely used, and the Mafia River Basin model, which is more experi¬ 
mental, represent the types of approaches that, can be taken in water use forecasting. 
Further information on forecasting models may be found in the references at the end of 
the chapter [42-52]. 
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4.7 Quantities of Wastewater 

To develop treatment strategies for wastes generated by various sectors, we must deter¬ 
mine the amount, timing, and characteristics of these wastes. In this section, quantities 
and timing are discussed; wastewater characteristics are addressed later in the chapters 
on water quality and treatment. 

The principal wastewater producers are cities, industries, and agricultural opera¬ 
tions. Generally, these waste streams are handled independently, although some indus¬ 
trial wastes are transported and treated in municipal systems. The time variation of flows 
is an especially important consideration since most conveyances are gravity-flow sys¬ 
tems and they must be able to accommodate minimum flows at sufficient velocities for 
self-cleansing, as well as the peak flows. The flow in municipal sewers consists mainly 
of community wastes plus infiltration, although if there are illicit connections or if die 
sewer is a combined one, stormwater flows must also be considered. 

4.8 Waste Flows from Urban Areas 

The quantity of sewage generated by a conununity depends on its population and thus 
the per capita contribution of sewage. Therefore, for accurate estimates of sewage flows, 
reliable population studies are required. Figure 4.14 gives a comparison of water use 
and wastewater flow on days without lawn sprinkling. The data are from the Pine Valley 
subdivision in Baltimore County, Maryland [53]. Domestic sewage flows are highly 
variable throughout the day and, as in the case of the hydrograph of water use, two 
distinct peaks have been observed. The primary peak takes place in the morning hours 
and the secondary peak occurs about dinner time and maintains itself during the evening 
hours. Extraneous flows resulting from infiltration or storm mnoff tend to distort the 
basic hydrograph shape. Infiltration rates generally tend to gradually increase the total 



Time of day 
June 23,1961 

Figure 4.14 Comparison of water use (solid line) and wastewater 
now (dashed llne.s) on days when little sprinkling occurred. (From 
Residential Water-Use Research Project, Johns Hopkins University and 
Federal Housing Administration, 1963.) • 




4 8 Waste Flows from Urban Areas 109 


daily volume but do not ordinarily alter the twin-peaked character of the hydrograph. 
Storm runoff that enters the system may impose almost instantaneous changes; if the 
quantity is large, the entire characteristic of the hydrograph may be changed. Estimation 
of the various components of the flow is essential for design purposes. A1963 study by 
Lentz of wastewater flows in communities in California, Florida, Missouri, and Mary¬ 
land provides considerable useful information regarding residential flows and the com¬ 
ponents of these flows [53]. 

Average Rates of Flow 

Lentz and Linaweaver have shown that when residential water is not being used for 
consumptive purposes (principally lawn sprinkling) and when infiltration and exfiltra¬ 
tion do not produce large flow components, the wastewater flow is essentially equal to 
the water use [9, 53]. Thus, average daily water use rates that do not reflect sprinkling 
demands can be used to estimate annual average domestic wastewater flows. It is gen¬ 
erally reported that about 60-80% of the total water supplied to a community becomes 
wastewater. Low ratios generally apply to semiarid regions. Ordinarily, the annual varia¬ 
tion in the ratio of sewage to water supply in a city is not great, and thus the amount of 
water used by a city is a good indicator of the amount of sewage that will be generated. 
Sometimes, however, illicit drains and water use from privately owned sources produce 
quantities of sewage larger than public water withdrawals. When such external factors 
are not present, sewage flows from residential areas are often less than about 100 gpcd. 


Variability in Sewage Fiows 

Sewage flow rates vary by source and with time. In most municipalities the sources may 
be residences, institutions such as hospitals and schools, commercial establishments, 
and industries. It is thus necessary for the designer and manager to determine the mix 
of these elements and to estimate their contributions. Guideline figures are reported in 
the literature, but these may not be reliable, especially where industrial wastes are in¬ 
volved [54]. A case-by-case assessment should always be made before sewers are sized 
or treatment plant capacities set. For institutions, flows may vary from as low as 10 gpcd 
for schools to 175 gpcd for hospitals. Hotels may produce flows of about 100 gpcd, 
while small business may generate only about 20-60 gal per day per employee. 

Sewage flow patterns in residential areas closely resemble water use patterns for 
those areas, with the exception of a time lag, as shown in Fig. 4.14. The magnitude of this 
lag varies with the situation, but it is usually on the order of a few hours. Where infiltra¬ 
tion from rainfall or from other water uses enters sewers, the hydrographs produced in the 
sewers may vary considerably from those generated during dry periods. Othenvise, the 
variation in daily flow patterns for most residential areas is quite small. Where sewers re¬ 
ceive significant quantities of wastes from industrial operations, the amounts and timing 
of flows are affected by prevailing industrial practices. Table 4.8 gives an indication of the 
variation in residential wastewater flows as ratios to the average. In the absence of site- 
specific data, such figures may be used to estimate high and low flows. Data on the ratio of 
pfeak flows and minimum flows to average daily flow have been summarized by Gupta 
[11]. They show that the peak to average daily flow ratio ranges from about 3.0 for cities 
‘ of about 10,000 to about 1.5 for cities of one million. For the same size cities, the mini¬ 
mum flow to average daily flow ranges from about 0.3 to about 0.7, respectively. 
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Table 4.8 Residential Wastewater Flows as 


Ratios to the Average 


DESCRIPTION OF FLOW 

RATIO TO THE 
AVERAGE 

Maximum daily 

2.25:1 

Maximum hourly 

3:1 

Minimum daily 

0.67:1 

Minimum hourly 

0.33:1 


Ordinarily, residential, industrial, and commercial sewage flows are estimated for 
an area and then combined to obtain the composite sewage hydrograph. In this way, 
detailed information regarding the nature of each flow component can be introduced 
into calculations. 

Infiltration and Exfiltration 

Infiltration and exfiltration are both functions of the height of the groundwater table in 
the vicinity of the sewer, type and tightness of sewer joints, and soil type. Exfiltration is 
undesirable since it may tend to pollute local groundwaters, while infiltration has the 
effect of reducing the capacity of the sewer for conveying the waste flows for which it 
was designed. If die sewer is well above the groundwater table, infiltration will occur 
only during or after periods of precipitation, when water is percolating downward 
through the soil. Where groundwater tables are high and sewers are not tight, infiltration 
rates in excess of 60,000 gpd/mi of sewer might be experienced. Rates of 3500- 
5000 gpd/mi/24 hr for an 8-in. pipe, 4500-6000 for a 12-in. pipe, and 10,000-12,000 
for a 24-in. pipe represent the range in which most specifications fall [55]. Common 
practice is to design for the peak-design rate of wastewater flow plus 30,000 gpd infil¬ 
tration per mile of sewer and house connections [11, 56]. This allowance represents 
average conditions and should be revised by the designer as required on the basis of the 
physical characteristics of the area and the type of pipe joint to be used. 

Stormwater Runoff 

Except for large combined sewers, storm runoff should be excluded from the sewerage 
system. Storm ranoff may enter at manholes or through illicit roof drains connected to 
the sanitary system. Quantities of flow that enter in this manner vary with degree of 
enforcement of regulations and types of preventive measures taken. The American So¬ 
ciety of Civil Engineers reports that tests on leakage through manhole covers show that 
20-70 gpm may enter a manhole cover submerged by 1 in. of water [56]. Rates of this 
magnitude may be considerably in excess of average wastewater flows. Small sewers 
can be surcharged easily by very few roof-drain connections. For example, a rainfall of 
1 in,/hr on a lOOO-ft^ roof area will contribute flows in excess of 10 gpm. The average 
domestic sewage flow from a dwelling with this appro xima te roof area (consider four 
persons) would equal only about 1.5% of this. 
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■ EXAMPLE 4.5 Estimate the maximum hourly, average daily, and minimum hourly 
residential sewage flows from an area occupied by 700 people. Consider the length of 
sewer and house drains equal to 1.3 mi. Give results in gpd and Ipd. 

Solution: Based on 1990 USGS water use data and assuming a return flow of 75%, 
the average daily per capita flow would be 105 gpcd X 0.75 = 78.8 gpcd or 298.3 Ipcd. 
Thus, the total average daily domestic flow would be 78.8 X 700 = 55,160 gpd or 
208,810 Ipd. 

Infiltration = 30,000 gpd/mi X 1.3 = 39,000 gpd or 147,615 Ipd 
Using data from Table 4.8, we have 

Maximum hourly flow = 39,000 + 55,160 X 3 = 204,480 gpd 

or 

774,045 Ipd 

Total average daily flow = 39,000 + 55,160 = 94,160 gpd 

or 

356,396 Ipd 

Minimum hourly flow = 39,000 + 55,160/3 = 57,387 gpd 

or 

217,218 Ipd 


4.9 Industrial Waste Volumes 

Industrial waste volumes are highly variable in both quantity and quality, depending 
principally on the product produced. Since very little water is consumed in industrial 
processing, large volumes are often returned as waste. These wastes may include toxic 
metals, chemicals, organic materials, biologic contaminants, and radioactive materials. 
The design of treatment processes for these wastes is a highly specialized operation. 
Where industrial wastes must be processed in municipal sewage treatment works, ac¬ 
curate estimates of the time distribution and total volume of the load are necessary, 
together with a complete analysis of the characteristics of the waste. Under these cir¬ 
cumstances, metering and analyzing the industrial waste is normally required. For more 
complete information on volumes as well as characteristics of industrial wastes, the 
reader should consult appropriate references [57-77]. 

4.10 Agricultural Wastes 

The quantities and character of wastes from agricultural lands are highly variable. The 
most important pollutants found in runoff from agricultural areas are sediment, animal 
wastes, wastes from industrial processing of raw agricultural products, plant nutrients, 
forest and crop residues, inorganic salts and minerals, and pesticides [78-80]. Because 
waste volumes are determined by numerous factors for any given area, it is impossible 
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to indicate any general rules. Nevertheless, the importance of these wastes to any region 
should not be overlooked. It is clear that large quantities of agricultural drainage are 
discharged into streams, rivers, and lakes. Regional water quality control will not be a 
reality unless these wastes are considered along with those of municipalities and indus¬ 
tries. A comprehensive treatment of this topic is beyond the scope of this book, but the 
student should not minimize the importance of the subject. More detailed information 
can be found in the references cited. 


Problems 

4.1. A reservoir has a capacity of 2.75 million acre ft. How many years would this 
supply a city of 100,000 if evaporation is neglected? Assume a use rate of 
180 gpcd. 

4.2. If the minimum flow of a stream having a 200-mi^ watershed is 0.10 cfs/mi^ 
what population could be supplied continuously from the stream? Assume that 
there is only distribution storage (maximum withdrawal = stream flow) and that 
the water use rate is 175 gpcd. 

4.3. Estimate the 2000, 2005, and 2010 population of your community by plotting 
the historic data and extrapolating the trend. How reliable do you think this es¬ 
timate would be? 

4.4. Compare the maximum hourly domestic sewage flow from 10 houses (four per¬ 
sons per house) with the roof drainage from these houses if the roof dimensions 
are 60 X 35 ft and the rainfall intensity is 2.0 in./hr. Approximately what size of 
sewer would be required to handle (a) the domestic flow alone and (b) the com¬ 
bined flow if the pipe is laid on a 1.1% grade? 

4.5. Make a comparison between the annual water requirements of an 1800-acre ir¬ 
rigated farm and a city of 100,000 population. Assume an irrigation requirement 
of 3 acre-ft/yr/acre. 

4.6. Obtain historic and projected water use figures for your state (consult your state 
water planning agency for data). Analyze the historic trends and try to explain 
the major influences on water use in each of the principal water-using sectors. 
Do you think the trends projected for the future are reasonable? Why? If not, 
why not? What could be done to modify these trends? How much reduction 
could be expected in each sector? 

4.7. For the region in which you reside, make a determination of which water-using 
sectors are most dominant. How did you arrive at this determination? Do you 
think the past trends will continue into the future? If so, why? If not, why not? 
Are there water supply problems in the region? If so, could these be alleviated 
by modifying water use rates in one or more of the water-using sectors? How 
much of a reduction below current rates of use do you think could be achieved? 
What revision in facilities or systems operation would be required to bring about 
this reduction? 
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4.8. Obtain historic and future population data on the municipality in which you re¬ 
side. Consult your local water department and obtain historic and projected wa¬ 
ter use trends for your city. Estimate the current per capita water use rate. Use 
this figure ta project water requirements to the year 2005. How does your pro¬ 
jection compare with that of the water department? By how much could the per 
capita water use rate be reduced, if any, by 2005? 

4.9. Given a residential area encompassing 1000 acres with a housing density of four 
houses per acre. Assume a high-value residence with a fire flow requirement of 
1000 gpm. Find (a) ±e combined draft and (b) the peak hourly demand. 

4.10. Estimate the maximum hourly, average daily, and minimum hourly residential 
sewage flows from an area occupied by 650 people. Consider the length of sewer 
and house drains equal to 1.2 mi. Give results in gpd and Ipd. 

4.11. Given that a residential community has an area of 10 mi^ assume a population 
density and calculate the required fire flow. Give results in gpm and 1pm. 

4.12. Consider a 1000-acre residential area with a housing density of four dwellings 
per acre. Estimate the peak hourly water use requirement. 

4.13. If 100 acres of farmland were developed for urban housing (four houses per 
acre), what would be the difference in average annual water requirements after 
the changeover? Assume that the irrigation requirement is 2.5 acre-ft of water 
for a growing season of six months. 

4.14. Estimate the average hourly, average daily, and minimum hourly residential sew¬ 
age flows from an area serving a population of 1200. Assume that the length of 
sewer and house drains equals 4.0 km and that infiltration occurs. 

4.15. The population of a state was 7 million in 1995. Consider that by the year 2010, 
it is expected to increase to 9 million. Consider that the amount of fresh water 
withdrawn in 1995 was 2.5 bgd. Estimate the amount of fresh water that might 
be withdrawn in 2010. State your assumptions. 

4.16. A community had a population of 200,000 in 1995 and it is expected that this 
will increase to 260,000 by 2010. The water treatment capacity in 1995 was 
43 mgd. A survey showed that the average per capita water use rate was 
180 gpcd. Estimate the community’s water requirements in 2010 assuming (a) no 
change in use rate and (b) a reduced rate of 160 gpcd. Will expanded treatment 
facilities be needed by 2010 for condition (a)? For condition (b)? 

4.17. For the community described in Prob. 4.16, assume that the treatment plant ca¬ 
pabilities in 1995 were 35 mgd. If the water use rate in 2010 is 140 gpcd, will 
expanded treatment facilities be needed by 2010? In about what year would they 
be needed if the answer above is yes? What reduction in water use rate would be 
needed to eliminate the need for new facilities until 2010? Would a reduction of 
this magnitude appear to be attainable? 

4.18. Consider that a state had a total water withdrawal of 4.5 bgd in 1995. This was 
distributed as follows: municipal use 1.0 bgd; industrial use 1.5 bgd; and steam 
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electric cooling 2 bgd. Assume a 1995 population of 10 million and a projection 
of 12 million for the year 2010. It is estimated that an additional 3000 MW of 
electric-generating capacity will be required by 2010 and that the cooling water 
requirements will be 50 gal/kWh. An industrial expansion of 10% is also ex¬ 
pected. Estimate the total water that will be withdrawn in 2010 for each sector 
and for all sectors combined. State your assumptions. Assume a plant capacity 
factor of 0.6 (water use will relate to 3000 MW X 0.6). 

4.19. Given that a residential community has an area of 26 km^, assume a population 
density and calculate the required fire flow. Give results in 1pm. 

4.20. Consider a 450-acre residefitial area with a housing density of four dwellings per 
acre. Estimate the peak hourly water use requirement and the peak hourly sew¬ 
age flow. 

4.21. Estimate the maximum hourly, average daily, and minimum hourly residential 
sewage flows from an area occupied by 700 people. Consider the length of sewer 
and house drains equal to 2.0 km. Give results in Ipd and gpd. 
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Conveying and 
Distributing Water 


Prologue 

The purpose of this chapter is to; 

■ Acquaint the reader with the components of water supply and distri¬ 
bution systems 

■ Introduce the principles of flow in pipes and open channels 

■ Illustrate the application of EPANET to the anaiysis and design of 
water distribution systems 

■ Provide examples of pipeline and network problem solving 


Water is transported over long distances through aqueducts to locations where it is to be 
used and/or treated. It is then conveyed to individual users or use points through distri¬ 
bution networks. 


5.1 Aqueducts 

Selection of an aqueduct type rests on such factors as topography, head availability, 
climate, construction practices, economics, and water quality protection. Aqueducts 
may include or be solely composed of open channels, pipelines, or tunnels. 

Open Channels 

Open channels are designed to convey water under conditions of atmospheric pressure. 
By this definition the hydraulic gradient and free-water surface are coincident. If the 
channel is supported on or above the ground, it is classified as a flume. Open channels 
may be covered or open and may take on a variety of shapes. 

The choice of an open channel as the means of conveyance will usually be predi¬ 
cated on suitable topographic conditions that permit gravity flow with minimal excava¬ 
tion or fill. If the channel is unlined, the perviousness of the soil must be considered 
relative to seepage losses. Other considerations of importance are the potential pollution 
hazard and evaporative losses. 
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Open channels may be lined with concrete, bituminous materials, butyl rubber, vi¬ 
nyl, synthetic fabrics, or other products to reduce the resistance to flow, minimize seep¬ 
age, and lower maintenance costs. Flumes are usually constructed of concrete, steel, or 
timber. 


Pipelines 

Pipelines are usually built where topographic conditions preclude the use of canals. 
Pipelines may be laid above or below ground or may be partly buried. Most modem 
pressure conduits are built of concrete, steel, cast iron, asbestos cement, or plastic (poly¬ 
vinyl chloride, PVC). 

Pipelines used in important transportation systems may require gate valves, check 
valves, air-release valves, drains, surge control equipment, expansion joints, insulation 
joints, manholes, and pumping stations. The appurtenances are provided to ensure safe 
and efficient operation, provide for easy inspection, and facilitate maintenance. Check 
valves are normally located on the upstream side of pumping equipment and at the 
beginning of each rise in the pipeline to prevent backflow. Gate valves are often spaced 
about 1200 ft apart so that the intervening section of line can be drained for inspection 
or repair and on either side of a check valve to permit its removal for inspection or repair. 
Air-release valves are needed at the high points in the line to release trapped gases and 
to vent the line to prevent vacuum formation. Drains are located at low points to permit 
removal of sediment and allow the conduit to be emptied. Surge tanks or quick-opening 
valves provide relief from problems of hydraulic surge. 

Tunnels 

Where it is not practical or economical to lay a pipeline on the surface or provide an 
open trench for underground installation, a tunnel is selected. Tunnels are well suited to 
mountain or river crossings. They may be operated under pressure or act as open 
channels. 


5.2 Hydraulic Considerations 

The analysis of flows in a water conveyance system is carried out through application 
of basic principles of open-channel and closed-conduit hydraulics. It is assumed that the 
student already has been exposed to these concepts in courses in hydraulics or fluid 
mechanics. 

Except for sludges, most flows may be treated hydraulically in the same manner as 
clean water even though considerable quantities of suspended material are being earned. 
The Hazen-Williams and Manning formulas are used extensively in water transporta¬ 
tion problems. The Hazen-Williams formula is used primarily for pressure conduits, 
while the Manning equation has found its major application in open-channel problems. 
Both equations are applicable when normal temperatures prevail, a relatively high de¬ 
gree of turbulence is developed, and ordinary commercial materials are used [1 - 6]. The 
Hazen-Williams equation is 


y = 0.85C/?°-«5''-5'* 


(English units) 
(SI units) 


(5.1) 
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where 

y = velocity of flow (ft/s or m/s) 

C = a coefficient that is a function of the construction material and age of the pipe 
R = hydraulic radius (cross-sectional area divided by the wetted perimeter) (ft or m) 
S = slope of energy gradient in feet per foot of length or meters per meter of length 

For circular conduits flowing full, the equation may be restated as 

Q = 0219CD^^^S°-^* (5.2) 

where 

Q = flow, mgd 
D = pipe diameter, ft 

and as 

Q = 0.278CD2«5°5" 

where 

Q = flow, mVs 
D = pipe diameter, m 

Some values of C for use in the Hazen-Williams formula are given in Table 5.1. A 
nomograph that facilitates the solution of this equation is given in Fig. 5.1. 

The Manning equation is stated in the form 

V = 1.49/?° “5°Vn (5.3) 

where 

V = velocity of flow, fps 
n = coefficient of roughness 
R = hydraulic radius, ft 
5 = slope of energy grade line 


Table 5.1 Roughness Coefficients 


MATERIAL 

HAZEN-WILLIAMS 

C 

MANNING 

n 

New pipes: 

Cast iron 

130-140 

0.012-0.015 

Concrete 

120-140 

0.012-0.017 

Concrete-lined galvanized iron 

120 

0.015-0.017 

Plastic 

140-150 

0.011-0.015 

Steel 

140-150 

0.015-0.017 

Vitrified clay 

110 

0.013-0.015 

Welded steel 

120 

— 

Older pipes and other materials; 

5-yr-old cast iron 

120 

— 

20-yr-old cast iron 

100 

— 

Asbestos cement 

140 

— 

Brick 

— 

0.016 

Corrugated metal pipe 

— 

0.022 

Bituminous concrete 

— 

0.015 

Uniform, firm sodded earth 

— 

0.025 
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Figure 5.1 Nomograph for the Hazen-Williams formula with 
C = 100. 
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In metric units 


V = 

where 

V = velocity of flow, m/s 
n = coefficient of roughness 
R = hydraulic radius, m 
5 = slope of energy grade line 

The equation is applicable as long as 5 does not materially exceed 0.10. In channels hav¬ 
ing no uniform roughness, an average value of n is selected. Where the cross-sectional 
roughness changes considerably, as in a channel with a paved center section and grassed 
outer sections, common practice is to compute the flow for each section independently 
and sum these flows to obtain the total. For most purposes, n is considered a constant. It 
is actually a function of pipe diameter, however, and should be adjusted for pipe diame¬ 
ters exceeding several feet. As in the case of the Hazen-Williams equation, nomographs 
are available to permit rapid computations (Fig. 6.1). Values of n for use in Manning’s 
equation are indicated in Table 5.1. 

Head loss in pipelines results from pipe friction losses and in piping auxiliaries. 
Minor losses include those resulting from valves, fittings, bends, changes in cross sec¬ 
tion, and changes in flow characteristics at inlets and outlets. Over long lengths of pipe- 
hne, minor losses can usually be ignored in calculations of head loss because they 
contribute a relatively small proportion to the total losses. On the other hand, minor 
losses in short water transportation systems, such as those in water and wastewater treat¬ 
ment plants, should not be ignored because their proportion of the total head loss is 
significantly larger. Minor losses are usually expressed as a function of the velocity head 
in performing calculations, that is. Hi = K\P-llg. Some values of the minor head loss 
coefficient K are given in Table 5.2 (see also [1-7]). 

Head loss as a result of pipe friction can be computed by solving Eq. (5.1) or (5.3) 


Table 5.2 Minor Head Loss Coefficients K 


COMPONENT 

LOSS 

COEFFICIENT 

Globe valve, fully open 

10.0 

Angle valve, fully open 

5.0 

Swing check valve, fully open 

2.5 

Gate valve, fully open 

0.2 

Short-radius elbow 

0.9 

Medium-radius elbow 

0.8 ■ 

Long-radius elbow 

0.6 ' 

45° elbow 

0.4 

Closed return bend 

2.2 

Standard tee—flow through mn 

0.6 

Standard tee—flow through branch 

1.8. 

Square entrance 

0.5 

Exit 

1.0 


Source: Rossman, 1994. 
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for S and multiplying by the length of the pipeline. A slightly more direct method is to 
use the Darcy-Weisbach equation, 


h, = fLV^/lDg (5.4) 

where 

= head loss, ft 
L = pipe length, ft 
D = pipe diameter, ft 
/ = friction factor 
V = flow velocity, fps 

The friction factor is related to the Reynolds number and the relative roughness of the 
pipe. For conditions of complete turbulence. Fig. 5.2 relates the friction factor to pipe 
geometry and characteristics. 


The Energy Equation 

Consider flow in a straight pipe of uniform diameter. Then the energy equation for flow 
in a segment of length L between points 1 and 2 may be written as 

z. + pjy + y\l2g =22+ pjy + vyig + H, (5.5) 

where 2 = elevation above an arbitrary datum (ft, m); p/y = pressure head (ft, m); V = 
average velocity of flow (ft/sec, m/sec); and = total head loss (energy loss) between 
the two cross sections. 

Note that the terms of the energy equation are all in units of energy per unit weight 
(ft-lb/lb, kg-m/m), which reduce to units of length (ft, m). If a pump were inserted into 
the pipeline, the quantity Hp would be added to the left-hand side of the equation to 
account for the additional energy head resulting from the action of the pump. If a turbine 
were inserted in the pipeline in place of the pump, the positive quantity Hp would be 
replaced by a negative quantity H, since a turbine converts the energy of flow into me¬ 
chanical work, thereby consuming energy from the pipeflow instead of imparting energy 
to the flow as in the case of a pump. 

■ EXAMPLE 5.1 Consider that water is pumped 10 mi from a reservoir at elevation 
100 ft to a second reservoir at elevation 230 ft. The pipeline connecting the reservoirs is 
48 in. in diameter and is constructed of concrete with an absolute roughness of 0.003. If 
the flow is 25 mgd and the efficiency of the pumping station is 80%, what will be the 
monthly power bill if electricity costs 8 cents/kWh? 

Solution: 

1. Writing the energy equation between a point on the water surface of reservoir >4 
and a point on the water surface of reservoir B, one obtains 



Relative roughness. 
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Pipe diameter, ft) 

O d o’ O o' o’ o' ri TJ- >o 00 2 ° 



Pipe diameter, tflin ) 

Figure 5.2 Relative roughness of pipe materials and friction factors for 
complete turbulence. (Courtesy of the Crane Company. Chicago, IL.) 


2. Letting = 0, and noting that = Ps is equal to the atmospheric pressure and 
that Va = Vb = 0 for a large reservoir, one finds that the equation reduces to 

H, = Zb + 

where 

Hp = head developed by the pump 

Hl = total head lost between A and 5, including pipe friction and 

all minor losses 





























126 CHAPTERS Conveying and Distributing Water 


3. Using Fig. 5.2, determine the value of/as 0.0182. 

4. Using Eq. (5.4), find the pipe friction head loss. Assuming that the minor losses 
are negligible in this problem, this is equal to Hl : 


D 2g 


V must be determined before Eq. (5.4) can be solved: 


y _Q _ 25 X 106 X 1.55 
~ A ~ TT X 4 X 10" 


Hr = 0.0182 X 


5280 X 10 


X 


= 3.09 fps 

(3.09)^ 

64.4 


= 35.6 ft 

5. Hp = (230 - 100) + 35.6 

= 130 + 35.6 = 165.6 fflb/lb 


the energy imparted by the pump to the water. 

6. The power requirement may be computed as 

P = QyH, 

= 25 X 1.55 X 62.4 X 165.6 = 400,000 fMb/s 

7. For 80% efficiency, the power requirement is 


400,000 

0.80 


500,000 ft-lb/s 


8- 5.00 X 10" X 3.766 X 10"’ = 18.8 X lO-^ kWh/s 

The number of kilowatt-hours per 30-day month is then 

18.8 X 10-2 X 30 X 864 X 10^ = 485,000 kWh/month 
9. The monthly power cost is therefore 485,000 X 0.08 = $38,800. ■ 


Flow in Branching Pipes 

When several water management facilities are connected by a system of pipes, it is 
important to determine the direction and magnitude of flow in each pipe. This distribu¬ 
tion will depend on the total head loss in each pipe, the diameter and length of the 
pipelines, and the number of connected facilities. A simple illustration is the classic 
three-reservoir problem, shown in Fig. 5.3. Three reservoirs. A, B, and C, are connected 
by a system of pipelines that intersect at a single junction J. -Given the lengths ^d 
diameters of the pipes and the elevations of the three reservoirs, the problem is to deter¬ 
mine the magnitude and direction of flow in each pipe. 

It should be obvious that the flow will be out of reservoir A and into reservoir C, 
but it is not immediately evident whether the flow will be into or out of reservoir B, 
because it is not known whether the pressure head at J is higher or lower than the water 
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Figure 5.3 Branching-pipe system with single junction. 


surface elevation at reservoir B. This problem can be solved by making use of the con¬ 
tinuity equation and the energy equation, which indicate that the flow into J equals the 
flow out of J, and the pressure head for all three pipes is the same at the point of inter¬ 
section. Thus, by continuity, 


01 = 02 + 03 

if the flow is into reservoir B 

(5.6a) 

or 



01 02 ~ 03 

if the flow is out of reservoir B 

(5.6b) 

and, by energy equivalence, 



P\ly 

= pjy = p^ly = F 

(5.7) 

at/, where 




Q = flow in each pipe (vol/time) 
p/y = pressure head in each pipe (height in units of length) 

The solution is derived by choosing a trial height for P and solving foT.Q i , 02, and 
Qi using the Manning equation, the Hazen-Williams equation, or the Darcy-Weisbach 
equation. The trial-and-error process is repeated until the continuity equation is satisfied. 

An alternate but more directly solved branching-pipe problem is to find the eleva¬ 
tion of one reservoir given all pipe lengths and diameters, the surface elevations of the 
other two reservoirs, and the flow either to or from one reservoir. 

Flow in Pipes in Series 

When a number of pipes of different diameters and lengths are connected in series, as 
depicted in Fig. 5.4, the problem is either to determine the head loss given the flow, or 
to determine the flow given the head loss. The continuity equation allows us to state that 
the flow into and out of each section must be the same, and the energy equation allows 
us to state that the head loss for the system is the sum of the head losses for each section 
of pipe. In other words, for the example shown in Fig. 5.4, 

Q = Qi = Qi = Q 3 


and 


Hr. = Ha + Ha + Ha 


( 5 . 9 ) 
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For cases where the total head loss is given and the problem is to find the flow, the total 
head loss is written in terms of the dimensions of the head loss of each section, which 
for Fig. 5.4 would be 

H, = l/.(Li/D.)(Vf/2g) + 2 KiyV2g)] 

+ [f2(L2/D,)(Vj/2g) + S K(Vl/2g)] 

+ [f3iU/D,)(Vl/2g) + 2 KiVl/2g)] (5.10) 

Minor losses are designated for each section as a function of velocity head, that is, 
iKiV^/lg ). Since the flow is equivalent for each section, by continuity the velocity head 
for each section can be expressed as a function of the velocity head of any one section. 
For example, referring to Fig. 5.4: 

VV2g = Vy2g{DJD,y (5.11) 

and 

vy2g = Vll2g{D,ID,y (5.12) 

If a friction factor is assumed, the velocity of one section can be found and used in turn 
to calculate the flow, which would be the same for all sections. 

■ EXAMPLE 5.2 Find the discharge from reservoir A into reservoir B in Fig. 5.4 if 
three cast iron pipes in series have diameters D, = 15 in, D 2 = 10 in, and D 3 = 12 in, 
and lengths L, = 1500 ft, L 2 = 1350 ft, and L 3 = 2500 ft, and the total head loss is 
100 ft. 

Solution: 

1. Assuming/ = 0.01 for all three pipes, and substituting the given values into the 
head loss equation given by Eq. (5,10), the objective is to determine Vi, V^ 2 . 
and V 3 . 


100 = 0.01[1500/(15/12)](V?/2g) 

+ 0.01[1350/(10/12)](Vl/2g) 

+ 0.01[2500/(12/12)](Vi/2^) 

2. From Eqs. (5.11) and (5.12), 

y?/2g = vy2g(io/i5y = o.i98(y|/2g) 
Vl/ 2 g = Vl/2g(l0ll2y = ,0.482(Vi/2g) 
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3. Substituting back into the head loss equation; 

100 = V^/2g[12(0.198) + 16.2 + 25(0.482)] 

V 2 = 14.5 ft/s 

4. Substituting V 2 back into the equations given in step 2, 

V?/2g = 0.198(14.5)V2g V, = 6.45 ft/s 

Vltlg = 0.482(14.5)V2g V 3 = 10 ft/s 

5. Since0 = Gi = Qa = Qs, 

(2 = (2i = ViAi = 6 . 45 ( 7 r)( 7 . 5 / 12)2 = 7.9 cfs 

As a check 

e = 02 = V 2 A 2 = 14.5(7r)(5/12)2 = 7.9 cfs 
0 = 03 = V 3 A 3 = 10 ( 7 r)( 6 / 12)2 = 7.9 cfs ■ 

Flow in Parallel Pipes 

In the case of pipes connected in parallel, the problem is again either to determine the 
head loss and distribution of flow for the system given the total flow, or to determine the 
total flow in the system given the head loss. For Fig. 5.5, the continuity equation shows 
that the flow at the two junctions A and B is equivalent. In other words, 

Qa = Qi + Q 2 + Q 3 = Qb (5.13) 

The head loss for the system can be shown by the energy equation to be equivalent to 
the head loss in each parallel pipe: 

= H, = H 2 = H 3 (5.14) 

Given the total flow, the head loss distribution may be determined by solving the Darcy- 
Weisbach head loss equation [Eq. (5.4)] for V for each pipe, 

V = [2gHJf{UD)V'^ 
then substituting V into 0 = VA, that is, 

0 = A[2gHJf{L/D)V'^ (5.15) 

and writing 0 as a function of the head loss and C, where C is constant for a given pipe 
iC = A[2g/f(L/D)V'^y. 

0 = ( 5 . 16 ) 


1 



Figure 5.5 Flow in parallel pipes. 
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The flows for each pipe can then be summed and expressed as a function of the system 
head loss; for Fig. 5.5, which has three pipes, this would be 

Q = 

From Eq. (5.13) this becomes 

Q = (H,y^(C, + C2 + C3) 

An alternate method of analysis for simple systems of pipes in parallel or series is 
the equivalent-pipe method. In this method either a series of pipes or a system of parallel 
pipes is replaced with a pipe of equivalent head loss, for the purpose of simplifying 
calculations. This method can also be used to simplify portions of laiiger complex pipe 
systems. 

5.3 Design Considerations 

The design of transportation systems involves a determination of hydraulic adequacy, 
stmctural adequacy, and economic efficiency. The required waterway area is a function 
of the flow to be carried, the head available, the character of the conduit material, and 
limiting velocities. 

Location 

The location of an aqueduct is based on engineering and economic considerations. Since 
the terminal locations are dictated by the source of supply and the region to be served, 
the problem becomes one of finding the most practical and economic route between 
them. The choice of location has an obvious bearing on the type of aqueduct that can be 
built. Aqueducts built to grade require topography that allows cut-and-cover operations 
to be closely balanced. Pressure aqueducts, on the other hand, can follow the topogra¬ 
phy. Pumping and material and construction costs must be given full consideration. 

Sizing 

The size and configuration of the aqueduct finally selected will in all probability be 
variable along the route. 

For a given type of aqueduct (pipe, tunnel, flume, canal), the size will usually be 
determined on the basis of hydraulic, economic, and construction considerations. Oc¬ 
casionally, construction practices dictate a minimum size in excess of that required to 
handle the flow under the prevailing hydraulic conditions (available head). This condi¬ 
tion would most likely be encountered where a tunnel is involved. Hydraulic factors that 
control the design are the head available and permissible velocities. Available heads are 
affected by reservoir drawdown and local pressure requirements. Limiting velocities are 
based on the character of the water to be transported and the need to protect transmission 
lines against excessive pressures that might develop through hydraulic surge. Where silt 
is transported with the water, minimum velocities of about 2.5 fps should be maintained. 
Maximum velocities must preclude pipe erosion or hydraulic surge problems and are or¬ 
dinarily between 10 and 20 i^s [8]. The usual range in velocities is from about 4 to 6 ^s. 
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Where power generation is involved, pumping costs and/or the worth of power and 
conduit costs jointly determine the conduit size. For single gravity-flow pipelines, the 
size should be determined so that all the head available is consumed by friction. 

Strength 

Water conveyance structures are required to resist numerous forces such as those result¬ 
ing from water pressure within the conduit, hydraulic surge (transient internal pressure 
generated when the velocity of flow is rapidly reduced), external loads, forces at bends 
or changes in cross section, expansion and contraction, and flexural stresses. The student 
will find these topics adequately covered in [4, 7,9]. 


Economics 

Hydraulic head has economic value. It costs money to produce the head at the upstream 
end of a system, but this head can then be used for increased flow, for power production, 
or a combination of these factors. A definite relationship always exists among aqueduct 
size, hydraulic gradient, and the value of head. In some cases, construction costs are 
related to the elevation of the hydraulic gradient. The elevation of the gradient also 
affects pumping costs and power production values, as does the slope of the hydraulic 
gradient. In long lines composed of different types of conduits passing through varied 
topography, a means of coordinating conduit types, choosing dam elevations, and se¬ 
lecting pump lifts or power drops is important. The problem can be approached through 
a joint application of hydraulic and economic principles [10,11]. 

In any conduit, sufficient hydraulic slope must exist to obtain the required flow. 
Steep slopes generate high velocities with smaller conduit requirements. When suffi¬ 
cient fall is available, steep slopes are often economical. On the other hand, if head can 
be generated only by pumping or through construction of a dam, flatter slopes calling 
for larger conduits are probably necessary to reduce the cost of the lift. Apparently, then, 
some combination of lift and slope will yield the optimum economy. 

Usually in designing water transmission lines some controlling feature establishes 
the elevation of the line at a specified point. Examples of possible governing features 
are dam heights, tunnel locations, terminal reservoirs, and hilltops. These controls are 
valuable aids in carrying out the overall system design. 

Basic principles of the economic location of a pipeline are given in Fig. 5.6. Water 
is to be pumped from reservoir A to a second reservoir M. Consider first the use of the 
pump line AB and the grade tunnel BD. The water must be pumped to a height great 
enough at B so that the hydraulic gradient in the tunnel BD will permit economic con- 
stmction. The required tunnel size can be arrived at by using the plot of cost versus 
slope in Fig. 5.6. Curve AB gives the total cost of tunnel for any specified hydraulic 
gradient. The curve is obtained by selecting various hydraulic slopes, determining the 
tunnel size required to transmit the required flow at that slope, and then computing costs 
for the various sizes. Curve CD represents the capitalized cost of raising water to heights 
corresponding to the several tunnel slopes. Summing curves AB and CD gives the com¬ 
bined cost curve. Point F indicates the minimum combined cost and thus permits deter¬ 
mination of the optimum, hydraulic gradient as shown in the figure. Projecting the 
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Figure 5.6 Economic location of a pipeline. 


gradient upstream from D establishes the height of pumping li t an a 

tunnel BD to be designed. , . i. * nf curve EFG. 

Tlie most economical gradient can also be obtained withou a tangent 

To do this, select any arbitrary point on the pumping curve CD 
at this point. Then construct a tangent to curve AB whose the same 

the tangent to CD. If the two points of tangency do not he on int T 

vertical, select a new starting point and repeat the procedme. A J^j^tjonalfoot 
(Fig. 5.6), the slope of the tangent is numerically equal to the cost of an 

of Lad. men formation on this cost is available from other 

drawn, since the tangent is determined directly from the cost of ^ Is it 

Consider now the alternative aqueduct ACED m Fig. ^ CE, 

more economical to pump to C and then carry the flow through e 

or to pump to 5 and use the longer tunnel 5D.? This problem may be solved y 
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trial estimates. First, assume the control point to be at E. An estimate is then prepared 
for line ACED in the manner previously indicated and compared with the one made for 
kBD, where the control was assumed at D. If the total aqueduct cost plus the capitalized 
cost of pumping is less for ACED than for A5A the critical point is E. If this is not the 
case, the control will be at D. 

When the head loss between two points in an aqueduct is fixed, it may be most 
economical to divide this amount unequally between the various types of conduits used. 
The division will be determined largely by economic considerations. For example, since 
tunnel costs are often very high, it may be best to build the smallest possible tunnel and 
thereby consume a disproportionate share of the head available in this particular reach. 

If an aqueduct is to be constructed of several different types of conduits and if the 
total head loss is fixed, application of the principles of Lagrange’s method of undeter¬ 
mined multipliers will permit an evaluation of the most economical distribution of head 
loss S. This occurs when the ratios of change in cost to change in head are equal for 
each type of conduit. The total available head must also equal the sum of the various 
component losses. 

Application of this theory will be illustrated with the aid of Fig. 5.7. First, it is 
necessary that a set of curves of cost versus head loss be plotted for each conduit type. 



Head loss (ft) 

Figure 5.7 Graphical determination of the minimum cost of an aqueduct 
composed of four conduit types. 
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These curves are derived from data obtained by designing the conduit types for various 
conditions of head loss and then estimating their cost. Second, a series of parallel tan¬ 
gents drawn to each curve will be constructed by trial and error so that the sum of the 
individual head losses for each conduit equals the total head. The ratio of change in cost 
to change in head will be equal for all conduits when the tangents are parallel. These 
conditions satis:!^ the requirements for the most economical design. 

■ EXAMPLE 5.3 Using the data supplied in Fig. 5.7, find the most economical division 
of the total head of 212 ft and the minimum aqueduct cost. 

Solution: 

1. By repeated trial, find the set of tangents A, B, C, and D such that "Zh ~ H. 

2. Find the related costs C,, C 2 , C 3 , and C 4 by projecting the points of tangency to 
intersections with the cost axis. 

3. Numerical solutions are found in Fig. 5.7. I 

The method of parallel tangents will yield the required results, provided that the 
total head loss is known. 


DISTRIBUTION SYSTEMS 

Water distribution systems are ordinarily designed to adequately satisfy the water re¬ 
quirements for a combination of domestic, commercial, industrial, and fire-fighting pur¬ 
poses. The system should be capable of meeting the demands placed on it at all times 
and at satisfactory pressures. Pipe systems, pumping stations, storage facilities, fire hy¬ 
drants, house service connections, meters, and other appurtenances are the main ele¬ 
ments of the system [ 6 ], 

5.4 System Configurations 

Distribution systems may be generally classified as grid systems, branching systems, or 
a combination of these. The configuration of the system is dictated pri mar ily by street 
patterns, topography, degree and type of development of the area, and location of treat¬ 
ment and storage works. Figure 5.8 illustrates the nature of several basic types of sys¬ 
tems. A grid system is usually preferred to a branching system, since it can furnish a 
supply to any point from at least two directions. The branching system does not permit 
this type of circulation, since it has numerous terminals or dead ends. A grid or combi¬ 
nation system can also incorporate loop feeders, which act to distribute the flow to an 
area from several directions. 

In locations where sharp changes in topography occur (hilly or mountainous re¬ 
gions) it is common practice to divide the distribution system into two or more service 
areas or zones. This precludes the difficulty of having extremely high pressure in low- 
lying areas in order to maintain reasonable pressures at higher elevations. Usual practice 
is to interconnect the various systems, with the interconnections closed off by valves 
during normal operations. 



/Loop feeder 



Figure 5.8 Types of water distribution systems (a) Branching, (b) Grid, 
and (c) Combination. 


5.5 System Requirements 

The performance of a distribution system can be judged on the basis of the pressures 
available in the system for a specific rate of flow [12, 13]. Pressures s ou e grea 

enough to meet consumer and fire-fighting needs. At the same time, ® 

excessive, since the development of pressure head is an important cost consideration. In 
addition, as pressures increase, leakage increases, and money is en spent to ranspor 
and process a product that is wasted. Because the investment in a distribution system is 
exceedingly large, it is important that the design be optimized economically. 
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For commercial areas, pressures in excess of 60 pounds per square inch, gage (psig), 
are usually required. Adequate pressures for residential areas usually range from 40 to 
50 psig. In tower buildings it is often necessary to provide booster pumps to elevate the 
water to upper floors. Storage tanks are usually provided at the highest level and distri¬ 
bution is made directly from them. 

The capacity of the distribution system is determined on the basis of local water 
needs plus fire demands, as outlined in Chapter 4. Pipe sizes should be selected so that 
high velocities are avoided. Once the flow has been determined, pipe sizes can be se¬ 
lected by assuming velocities of from 3 to 5 fps. Where fire-fighting requirements are to 
be met, a minimum diameter of 6 in. is recommended. The National Board of Fire 
Underwriters recommends 8 in. as a minimum but permits 6-in. pipes in grid systems, 
provided the length between connections does not exceed 600 ft. 


5.6 Distribution System Design and Analysis 

The design of a water distribution network involves the selection of a system of pipes 
so that the predicted design flows can be carried with head losses that do not exceed 
those deemed necessary for adequate operation of the system. Normally, the design 
flows should be based on estimated future requirements, since a distribution system is 
expected to provide effective service for many years (often as long as 100 years). A 
sequence of evaluation, design, and layout operations is as follows f 1 -3, 5, 6, 14]: 

1. Review available data on the distribution system. These include maps, construc¬ 
tion plans, billing records, planning studies, zoning regulations, population fig¬ 
ures, water use studies, and any other data relevant to the system being analyzed. 

2. For existing water systems, determine pipe ages, the roughness of pipe interiors, 
pipe lengths and diameters, and the locations of pipes and appurtenances. Supply 
sources, pumping station locations and characteristics, and storage tank locations 
and volumes must also be determined. 

3. Prepare a detailed map of the existing system or the proposed systefn. 

4. Forecast population growth and distribution to the end of the design period (10- 
50 yr). Project water use patterns (spatial and temporal) for domestic, industrial, 
and commercial uses to be served by the system. These estimates must also extend 
over the design life of the network. Water use estimates are based on population 
projections and anticipated trends in commercial and industrial activity. 

5. Develop a computer model of the existing or proposed system. In analyzing a 
network it is conunon to simplify the system by eliminating nonessential small 
lines, combining pipes using the equivalent-pipe method, and assuming water use 
to be concentrated at takeoff points (nodes). Ordinarily, the model selected will 
be one of those described under network analysis. 

6. Use the computer model of the existing system to evaluate historical conditions, 
ff observed data and model runs compare favorably, the model may be considered 

validated. The model can then be presumed to be adequate for evaluating pro¬ 
posed modifications to, or extensions of, the existing system. Applying the model 
to the existing system will quickly identify areas of low pressure, pipelines having 
high head loss characteristics, and overloaded parts of the network. Proposed re- 
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placements and extensions of the system can then be evaluated to see if they will 
resolve problems or meet new requirements. 

7. Design new or extended water distribution systems on the basis of population and 
other data discussed previously. As in the case of analyzing existing systems, a 
suitable network algorithm must be chosen. In general, these are the steps fol¬ 
lowed in distribution system design: 

a. On a development plan of the area to be serviced, sketch the tentative location 
of all water mains that will be needed to supply the area. The completed draw¬ 
ing should differentiate between proposed feeder mains and smaller service 
mains. The various pipelines comprising the system should be interconnected 
at intervals of 1200 ft or less. Looped feeder systems are desirable and should 
be used whenever possible. Two small feeder mains running parallel several 
blocks apart are preferable to a single large main with an equal or slightly 
larger capacity than the two mains combined. 

b. Using estimated values of the anticipated design flows, select appropriate pipe 
sizes by assuming velocities of from 3 to 5 fps. 

c. Mark the position of building service connections, fire hydrants, and valves. 
Service connections form the link between the distribution system and the in¬ 
dividual consumer. Normally, the practice is one customer per service pipe. 
Figure 5.9 illustrates the details of a typical service connection for a private 
residence. Fire hydrants are located to provide complete protection to the area 


I ft-6in. 



1 1 11 Z in. copper water tubing 

jr furnished by B.C.M.D. 

I in. CP. and F.I.P.T. 

connector assembly 
1 ft-0in.-*j 


coTporstion cock assembly 


' Water mam . rvf 

ure 5.9 Typical installation of V4-in. metered domestic service. ( y 
timore County, MD, Department of Public Works.) 
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Figure 5.10 Typical fire hydrant setting. (Courtesy of Baltimore County, 
MD, Department of Public Works.) 


covered by the distribution system. Recommendations regarding average area 
per hydrant for various populations and required fire flow are given by the 
National Board of Fire Underwriters. Hydrants generally should not be farther 
apart than about 500 ft. Figure 5.10 illustrates a typical fire hydrant setting. 

d. Apply projected water demands (including fire flow) to the network and cal¬ 
culate residual pressures. 

e. Compare calculated pressures to standards. Identify areas of projected less- 
than-adequate service. 

f. Check head losses in individual pipes to find excesses. These will usually occur 
in pipes where flow velocities are greater than 1.5 m/s (5 fps). 

g. Add pipes or replace high-head-loss pipes with larger pipes. Run the model 
again and see if residual pressures under maximum future loads are adequate. 
If not, try other additions or changes until the system is adequate for antici¬ 
pated future loads. The system must be able to handle maximum daily loads 
plus fire loads without decreasing residual pressures below minimum stan¬ 
dards. The overall objective is to design a system that will meet projected water 
demands at the least cost while incorporating appropriate safety measures for 
looping or duplicate lines so that line breaks or other disturbances will not 
isolate users from a water supply. Finally, the network analysis and resulting 
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design will be no better than the assumptions made about water demands, pipe 
roughnesses, and so on. 

8. Estimate construction costs for the proposed improvements. 

9. Prepare a construction schedule for the identified improvements or new system 
that is consistent with the financial capabilities of the city. 


5.7 Hydraulic Design 


To effect the hydraulic design of a water distribution system, information must be avail¬ 
able on the anticipated local rates of water consumption, the manner in which these 
design flows are distributed geographically, and the required pressure gradients for the 
system. The first is obtained in the manner indicated in Chapter 4. It should be reem¬ 
phasized that the designer ought to investigate both the maximum day rate plus fire 
protection and the maximum hourly rate to determine which will govern the design. 

The spatial distribution of consumption can be estimated by studying population 
densities and commercial and industrial use patterns that are known or predicted for the 
region. Consider the design of a feeder to an area composed of residential, commercial, 
and industrial users. In investigating the peak hour, for example, it will be important to 
have the predicted hydrograph for each type of user so that the specific hour in which 
the summation of the three component flows is greatest will be used for the design. 
Students are cautioned that the regional maximum hour might well coincide with the 
residential maximum within the region but not coincide with the commercial or indus¬ 
trial peaks, or vice versa. For this reason, information on the hourly variation of water 
use for all users is extremely valuable. Once the water consumption has been estimated, 
it is usual practice to consider it to be concentrated at specified points on the feeder- 
main system. Computations based on the concentration of consumption in this manner 
normally appear to correlate well with field observations. 

Distribution systems are generally designed so that reasonably uniform pressures 
prevail [1, 6, 12]. Transmission mains may carry pressures up to 250 psi, but the need 
for pressures exceeding 150 psi is usually limited to those transmission mams serving 
pressure zones at higher elevations. The working pressure for residential meas is nor¬ 
mally in the range of 40 to 60 psi. It should be noted that few plumbmg fixtures will 
operate well at pressures less than about 20 psi. For urban water systems, Ae m^imum 
design pressure that customers should experience is considered to faU within the range 
of 90 -110 psi, while minimum design pressures (pressures at a customer s tap) are often 


in the 40-50 psi range [6]. 

The analysis of a distribution system is often simpUfled by ftst skeletonimg ft 
system. This might involve the replacement of a series of pipes of v^mg 
one equivalent pipe or replacing a system of pipes with an equivalent 
pipe I one in wUch the loss of head for a specified flow is fte same as the loss in head 

of the system it replaces. An example will illustrate the method of analysis. 


■ EXAMPLE 5.4 Considering fte pipe system shown m Fig. ST l.re^MW P^BC 

and CD with an equivalent 12-m, pipe and (b) the system from B to D with an equivalent 


20-in. pipe. 



140 CHAPTER 5 Conveying and Distributing Water 



(0 Qi = Qi + Qz = Go 
( 2 ) = Hf^2D 

Figure 5.11 Example 5.4. 


Solution: 


1. Assume a discharge through BCD of 8 cfs. Using the Hazen-Williams nomo¬ 
graph (Fig. 5.1), find the head loss for BC = 6.1 ft/1000 ft and for CD = 11 ft/ 
1000 ft. 

The total head loss between B and D is therefore 


6.1 X 


200 

1000 


+ 


11.0 X 


500 

1000 


6.72 ft 


Using a discharge of 8 cfs, Fig. 5.1 indicates a head loss of 45 ft/lOOO ft for a 
12-in. pipe. The equivalent length of 12-in. pipe is therefore 


Li2 


6.72 X 1000 
45 


= 149 ft 


2. Assume a total head loss between B and D of 5.0 ft. For the 12-in. equivalent 
pipe this is 33.5 ft/1000 ft, and for the 900 ft of 12-in. pipe it is 5.5 ft/1000 ft. 
Using these values and Fig. 5.1, the discharges for the two pipes are found to be 
6.8 and 2.6 cfs, respectively. The total flow is thus 9.4 cfs at a head loss of 5 ft. 
For this discharge, a 20-in. pipe will have a head loss of 4.8 ft/1000 ft. The 
equivalent 20-in. pipe to replace the whole system will be 


5 


--r X 1000 = 1042 ft 
4.8 


long 


The analysis of a simple hydraulic system such as that shown in Fig. 5.11 presents 
little difficulty. A slighdy more complex system is shown in Fig. 5.12. The method of 
equivalent pipes will fail to yield a solution in this case because there are crossover pipes 
(pipes that operate in more than one circuit and a number of withdrawal points through¬ 
out the system). This type of system is susceptibleto network analysis. 


Pipe Networks 

Most municipal water distribution systems are complex mazes containing pumps, stor- 
age elements, and pipelines of a variety of sizes. As pointed out in the preceding section, 
e. ordinary methods of hydraulic analysis must be extended to taka into account the 
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2.1 cfs 


4000 ft 8 in. 0 


5000 ft 10 in. ^ 




O 


4000 ft 6 in. ^ 


Figure 5.12 Simple pipe network. 


8000 ft 8 in. ^ 


looping characteristics of networks, changing reservoir levels, pumping, etc. Special 
techniques of network analysis come into play in this case. In these methods, iterative 
solutions based on initial assumptions lead to either balancing flows in a system or 
balancing heads in a system. The underlying principles are those of preserving mass 
continuity and ensuring energy conservation. 

Pipe networks may be described as being composed of a number of constant- 
diameter pipe sections containing pumps and fittings. The ends of each pipe section are 
called nodes. In Fig. 5.12, points A and B are nodes, for example. Nodes may be either 
fixed grade or junction. Junction nodes are points where pipes meet and where flow may 
be introduced or withdrawn. Fixed-grade nodes are points where a constant pade is 
maintained. Connections to storage tanks or reservoirs or constant-pressure regions are 
examples (Fig. 5.13). The nodes shown in Fig. 5.12 are all of the junction variety, while 
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nodes A and H in Fig. 5.13 are of the fixed-grade type. Networks are divided into loops 
for computational purposes. Primary loops, loops 1 and 2 in Fig. 5.12, are defined as 
those closed pipe circuits in the network that have no other closed pipe circuits within 
them. Using the foregoing terminology, we may write 

P = J + L + F- 1 (5.17) 

where 

P = number of pipes 

J = number of junction nodes 

L = number of loops 

F = number of fixed-grade nodes 

This identity is directly related to the fundamental hydraulics equations that de¬ 
scribe steady-state flow in a network. For Fig. 5.12,7 = 5, L = 2, F = 0, and thus the 
sum minus 1 is 6, the number of pipes in the complete network. Equations used to 
analyze steady-state pipe networks fall into two main categories—loop equations and 
node equations. The loop equations express mass conservation and energy conservation 
in terms of the discharge in a pipe section, while the node equations express mass con¬ 
tinuity in terms of elevations or grades at junction nodes. 

Many computer programs are available that can handle the analysis of flows in pipe 
systems of any configuration and with a variety of components such as storage tanks, 
pumps, check valves, pressure-regulating valves, and variable pressure water supplies 
[1, 5, 6, 15-21]. Information on several of these programs is available on the World 
Wide Web: KYPIPE (http://www.kypipe.com); WaterCAD (http://www.haestad.com); 
and EPANET (http://www.epa.gov/docs/RREL). 

LOOP EQUATIONS. Equation 5 .17 is the basis for formulation of a set of equations 
describing the hydraulic performance of a pipe network. In terms of unknown flows in 
the pipes, mass continuity and energy conservation equations can be written for the 
pipes and nodes. For each loop, an energy conservation equation can be written. A mass 
continuity equation can also be written for each node. For junction nodes, the inflow to 
the junction must be balanced by the outflow. This can be written 

2 2m ~ S <2out = l2e (7 equations) (5.18) 

where is the inflow, Q^ai is the outflow, and is the external flow into the system 
or the withdrawal from the system at the node. For the primary loops, energy conserva¬ 
tion can be described by 

2 = 2 (jL equations) (5.19) 

where is the pipe energy loss (minor losses included) and Ep is the energy introduced 
into the system by pumps. For loops having no pumps, the sum of the energy losses 
around the loop is zero. Note that a sign convention is used for loops. Clockwise flows 
might be considered positive and counterclockwise flows negative, for example. 

Where there are F fixed-grade nodes, F — 1 independent energy conservation equa¬ 
tions can be written for pipe paths between any two fixed-grade nodes. These equations 
take the form 


~ ^ he ~ ^ Ep (F — 1 equations) 


(5.20) 
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where A£ is the difference in elevation (grade) between the two fixed-grade nodes. 
Any connected path between the two fixed-grade nodes can be selected. This can be 
done by selecting a series of pipes so that the ending node of one path is the starting 
node for the next, etc. This procedure will produce the needed F - 1 equations with no 
redundancy [15]. 

Equation (5.19) can be considered a special case of Eq. (5.20) where tiie difference 
in elevation (AE) is zero for a closed-loop path. It follows that the energy conservation 
equations for a pipe network can be expressed hyL + F- 1 energy equations described 
by Eq. (5.20). The continuity and energy equations that describe the pipe network areJ* 
in number. They form a set of simultaneous nonlinear algebraic equations (loop equa¬ 
tions) that describe steady-state flow conditions in a pipe network. To analyze an exist¬ 
ing or proposed pipe network, the loop equations are solved to determine the flow in 
each pipe. In order to effect a solution, the terms in the energy equations must be ex¬ 
pressed as functions of flow. Expressions for frictional losses in pipes, minor losses in 
fittings, and pump energy are needed. 

Frictional losses in pipes are expressed as 

/iLP = K.Q" (5.21) 

where Kp is a constant incorporating pipe length, diameter, and roughness and n is an 
exponent. The values of Kp and n are generally determined by the selection of the 
Darcy-Weisbach, Hazen-Williams, or Manning equations for the expression of energy 
losses. 

The minor losses in a section of pipe result from fittings, valves, meters, or other 
insertions that affect the flow. They are expressed as 

hu, = (S-22) 

where is the minor loss constant, a function of the sum of the minor loss coefficients 
for all fittings in the length of pipe (S M) and the pipe diameter. It is given by 

= 2 (5.23) 

where A is the cross-sectional area of the pipe. 

The term in the energy equations representing pumping energy can be expressed in 
several ways. A constant power input can be specified or a curve can be fitted to data 
obtained from pump operations. In any event, the relationship between pump energy Ep 
(head developed by the pump) and the flow Q can be represented by 

Ep = PiQ) (5.24) 

If the pump operates at constant power, then using the relationship for horsepower (hp - 

Qw/i/ 550, where w is the specific weight of water in pounds per ft^ h is the head in feet, 
Q is the flow in cfs, and 550 is a conversion factor), P(Q) is given by 550 hp/62.4G. 
Letting Z = 550 hp/62.4, P(Q) can be written, for constant power, as Z/Q. 

Combining Eqs. (5.21-5.24), the energy relationships in terms of discharge 
become 

AE = 2 iKpQ” + K^Q^) - PiQ) (5-25) 

Equation (5.25) and the continuity equations [Eq. (5.18)] compose the set of E 
simultaneous equations that must be solved in a loop analysis. There is no direct solution 
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to these nonlinear algebraic relationships, but several algorithms for determining an 
answer are available. They will be discussed in subsequent sections. 

NODE EQUATIONS. Solution of the loop equations begins generally with an as¬ 
sumption of flow rates in the pipe network. Computations proceed until adjustments in 
flows are considered to be within tolerable levels. When using node equations, adjust¬ 
ments are made in initial assumptions of head. 

When considering nodes, the principal relationship used is the continuity equation 
[Eq. (5.18)]. The discharge in a section of pipe connecting nodes such as A and 5 
(Fig, 5.12) is expressed in terms of the grade (head) at junction node A (Ha), the grade 
at junction node B (H^), and the resistance offered by the pipeline (Kab)- This can be 
expressed as 

Qab = {(Ha - Hb)IKabY"' (5.26) 

where it is assumed that the pipe section is free of pumps and the head loss is calculated as 

K = KQ” (5.27) 

and K is determined as indicated for Eq. (5.21). Combine Eqs. (5.18) and (5.26): 

I. H^T] =e- 

which expresses continuity at a given junction node where N pipes join. The sign of the 
term in the summation depends on the direction of flow into or out of the junction. A 
total of J junction node equations result. This basic set can be expanded to include 
pumps where they exist. For each pump encountered, junction nodes are specified at the 
pump inlet and outlet, locations b and c in Fig. 5.14. Two additional equations are thus 
generated, one at the suction side and the other at the discharge side of the pump [15]. 
These equations involve the unknown heads (grades) on either side of the pump. 

Following the notation of Fig. 5.14, an equation utilizing flow continuity in the 
suction and discharge lines can be written as 

- H. = - H,) (5J9) 

Kcd 

Another equation can be developed that relates the head change across the pump to the 
discharge in either the inlet or outlet pipe. Where the pump being considered is operating 
at constant power, the relationship in terms of the outlet line discharge, according to 
Eq. (5.24), is 

= P ~ (5J0) 

Equations (5.28) to (5.30) constitute the complete set of pipe network node equations. 
All of them are expressed in terms of the unknown grades at junction nodes and in terms 



Figure 5.14 Pump notation for the node equation. 
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of the suction and discharge grades at pumps within the system. This set of equations is 
also nonlinear, and thus direct solution is impossible. Commonly used algorithms in¬ 
volving the node equations are discussed in later sections. 

Algorithms for Solving Loop Equations 

Several methods are widely used to solve the loop equations [15]. All use gradient meth¬ 
ods to accommodate the nonlinear flow terms in Eq. (5.25). The gradient method is 
derived from the first two terms of the Taylor series expansion. Any function/(x) that is 
continuous (differentiable) can be approximated as follows: 

f(x) «/(xo) + f'(xo)(x - Xo) (5.31) 

Examination of the right-hand side of Eq. (5.31) reveals that the approximation has 
reduced/(x) to a linear form. However, if / is a function of more than one variable, 
Eq. (5.21) can be generalized as follows: 

/[x(l), x(2), . . .] = /[x(l)o, x(2)o, . . .] 

+ ^W1)-.(1W + ^W2)-.(2)„1 + ... (5.32) 

in which the partial derivatives are evaluated at some x(l) = x(l)o, x(2) = x(2)o, etc. 

The right-hand side of Eq. (5.25) represents the grade difference across a pipe car¬ 
rying a discharge of Q. This can be stated as 

fiQ) = K,Q'> + - PiQ) (5.33) 

Substituting an estimated Q, for Q and denoting/(Q,) by H„ Eq. (5.33) becomes 

H, = m.) = K.Q” + - P{QJ (534) 

Differentiating Eq. (5.33) and setting Q = Q, gives the gradient of the function at g = 
Q,. Thus, 

f(Q.) = nKpQr + 2K»Q. - P'(Q,) 

Denoting/'(j2,)by G„ 

G, = nKpQr' + 2K»Q, - P’{Q,) (5.35) 

Both the function H, and its gradient G, evaluated atQ = Q, are used in algorithms for 
solving the loop equations. 

SINGLE-PATH ADJUSTMENT (P) METHOD. This solution technique is the oldest 
and best known of all the loop methods. It was first described by Hardy Cross [22]. 
Originally, the method was restricted to closed-loop networks and provided only for line 
losses. A generalization of the procedure is described below [15,23]. 

1. An initial set of flow rates that satisfy continuity at each junction node is selected. 

2. A flow adjustment factor is computed for each path (L + F — 1) to satisfy the 
energy equation for that path. Continuity is maintained in this process. 

3. Step 2 is repeated, building on improved solutions until the average correction 
factor is within an acceptable limit. 
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Equation (5.25) is used to compute the adjustment factor for a path using the gra¬ 
dient method to linearize the energy equations. Thus, 

f(Q) = m,) +/(G,)A(2 (5.36) 

in which A(2 = Q — Q„ where Q, is the estimated discharge. Applying Eq. (5.36) to 
Eq. (5.25) and solving for LQ gives 


A(2 


AE - 2 H, 
2 G. 


(5.37) 


which is the flow adjustment factor to be applied to each pipe in the path. The numerator 
represents the imbalance in the energy relationship due to incorrect flow rates. The pro¬ 
cedure reduces this to a negligible quantity. Flow adjustment is carried out for all L 
fundamental (closed) loops and F — I pseudoloops in the network. 

The Hardy Cross method of network analysis permits the computation of rates of 
flow through a network and the resulting head losses in the system [22]. It is a relaxation 
method by which corrections are applied to assumed flows or assumed heads until an 
acceptable hydraulic balance of the system is achieved. 

The Hardy Cross analysis is based on the principles that (1) in any system conti¬ 
nuity must be preserved and (2) the pressure at any junction of pipes is single valued. 
Referring to the simple network of Fig. 5.15, the elements of the procedure can be 
explained. First, the system must be defined in terms of pipe size, length, and roughness. 
Then, for any inflow Q,, the system can be balanced hydraulically only if Hf^co ~ 
^fazD- This restriction limits the possibilities to only one value of Q i and Qi which will 
satisfy the conditions. 

Derivation of the basic equation for balancing heads by correcting assumed flows 
will now be given for the loop of Fig. 5.15 [22]. First, find the required inflow Qj. Then 
arbitrarily divide this flow into components 0, and Qj- The only restriction on the 
selection of these values is that Qi + (22 = <2/. An attempt should be made, however, 
to select realistic values. Since the procedure involves a number of trials, the amount of 
work involved will be dependent on the accuracy of the value originally selected. For 
example, in the network shown, BCD is considerably larger in diameter than BZD. A 
logical choice would therefore assume that Q j will be larger than Q 2 . The final solution 


c 



fI) Qi - Qi + Q2 = Qo 
^faCD ~ ^fBZD 

Figure 5.15 Derivation of the Hardy Cross method. 
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to the problem will be the same regardless of the original choice, but much more rapid 
progress results from reasonable initial assumptions. 

After Q , and 2 2 have been chosen, and can be computed using the Ha* 
zen-Williams or some other pipe-flow formula. Remembering that the Hazen-Williams 
equation is of the form of Eq. (5.2), 

Q = 0.219CD^''^S°^^ 

the equation may be rewritten 

Q = (5.38) 

where is a constant when we are dealing only with a single pipe of specified size and 
material. Rearranging this equation and substituting Hf/L for S yields Eq. (5.21); 

Hf = KQ'‘ 

where n = 1.85 in the Hazen-Williams equation. Equation (5.21) is convenient for 
expressing head loss as a function of flow in network analyses. 

If the computed values of and are not equal (which is usually the case on 
the first trial), a correction must be applied to the initial values. Call this correction AQ. 
If, for example, then the new value for Q 1 will be Q, - AQ = Gi and the 

new value for Q 2 must be ^2 + ~ Q '2 • Th® corresponding values of head loss will 

be and If LQ is the true correction, then 

= 0 = K,(Q, - \Qr - K,(Q, + AQT 

The binomials may be expanded as follows: 

K,{Ql - n^QQr' + •••)- ^ 2(25 + n^QQr^ + ...) = 0 

If A0 is small, the terms in the expansion involving Afi to powers greater than unity 
can be neglected. Therefore, 

K,Q'{ - nKiAQQr' - /rzQS - nKiAQQr' = 0 

Substituting forK^ 0?, forand rewriting the terms/CQ"-* as K{Q''IQ), 
one has 


^/bcd 


Qi 

- AQnK, f 
U 1 



and 




facD 




Ibzd 


AQn 




AQ 


_ ^faCD ^faZD _ 


(5.39) 


Expanding this expressiomo the more general case gives the following equation for the 
flow correction AQ : 


AQ = - 2 H 



(5.40) 
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Application of this equation involves an initial assumption of discharge and a sign con¬ 
vention for the flow. Either clockwise or counterclockwise flows may be considered 
positive, and the terms in the numerator will bear the appropriate sign. For example, if 
the counterclockwise direction is considered positive, all H values for counterclockwise 
flows will be positive and all H values for clockwise flows will be negative. The de¬ 
nominator, however, is the absolute sum without regard to sign convention. The correc¬ 
tion Aj2 has a single direction for all pipes in the loop, and thus the sign convention 
must also be considered in applying the correction. 

■ EXAMPLE 5.5 Given the network, the inflow at A, and the outflows at B, C, and D 
in Fig. 5.16, carry out a Hardy Cross analysis using a spreadsheet to find the flows in 
the individual pipes comprising the network. Assume that the Hazen-Williams coef¬ 
ficient C is 100. 

Solution: The computational procedure is given in Table 5.3. The initial and final 
flows are also shown in Fig. 5.16. In Table 5.3, colunms 1-4 are self-explanatory; 
column 5 indicates the sign convention, the values used as multipliers for values that are 
sign-dependent; column 6 gives the absolute values of Q, for Trial 1 (these are the initial 
assumptions); column 7 computes the values of head using Eq. (5.4) (these values are 
multiplied by the values in column 5 so that they carry the appropriate sign); column 8 
displays the ratios of column 7 to column 6 values multiplied by the sign convention 
(column 5; these are absolute values); column 9 computes the denominator of Eq. (5.40) 
(absolute value); column 10 is the sum of the values in column 7 for each loop; col¬ 
umn 11 computes the AQ values for each loop using Eq. (5.40); colunm 12 computes 
the AG value for each pipe in the loop (it is the sum of all corrections that must be made 
if a pipe appears in more than one loop; pipes 3 and 4 in the example appear in two 


3.0 cfs 2.0 cfs 



/ 


0.5 cfs 

Figure 5.16 Pipe network analyzed by the Hardy Cross method. fThe 
clockwise direction is considered positive. The flows are the initiai assumed 
and final corrected values.) 
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loops; sign convention is needed); and column 13 calculates the new value of Q for each 
pipe in the loop. These values become the column 6 values for the next iteration. ■ 

A similar procedure is to assume values of H and then balance the flows by cor¬ 
recting the assumed heads. The mechanics of the two methods are the same and the 
applicable relationship, 

AH = -n S G / E (5.«) 

can be derived in a manner similar to that for Eq. (5.40). The number of trials required 
for the satisfactory solution of any problem using Eq. (5.40) or (5.41) depends to a large 
extent on the accuracy of the initial set of assumed values and on the desired degree of 
accuracy of the results. 

In using the Hardy Cross method to analyze large distribution systems, it is often 
useful to reduce the system to a skeleton network of main feeders [12]. Where the main 
feeder system has a very large capacity relative to that of the smaller mains, field ob¬ 
servations indicate that this type of skeletonizing yields reasonable results. Where no 
well-defined feeder system is apparent, serious errors may result from skeletonizing. 
Figure 5.17 illustrates a skeletonized distribution network consisting of arterial mains 
only. Figure 5.18 shows how a portion of the distribution system of Fig. 5.17 (that part 
lying within the dashed rectangle) looked before skeletonizing. A more complete dis¬ 
cussion of such procedures is given by Reh [12]. The analysis of a large network may 
also be expedited by balancing portions of the system successively instead of analyzing 
the whole network simultaneously. 

Normally, minor losses are neglected in network studies, but they can easily be 
introduced as equivalent lengths of pipe when it is felt that they should be included. 
Where C values are determined from field measurements, they invariably include a com¬ 
ponent due to the various minor losses encountered. McPherson gives a good discussion 
of local losses in water distribution networks [23]. 

The construction of pressure contours helps to isolate shortcomings in the hydraulic 
performance of distribution systems. Contours are often drawn with intervals of 1 -5 ft 
of head loss but may have other intervals depending on local circumstances. For a given 
set of operating rules applicable to a particular network, the pressure contours indicate 
the distribution of head loss and are helpful in showing regions where head losses are 
excessive. Figure 5.19 illustrates contours constructed for a distribution network. 

SIMULTANEOUS PATH ADJUSTMENT (SP) METHOD. To improve convergence 
over the P methods, a method of solution has been developed that simultaneously adjusts 
the flowrate in each path of pipes represented by an energy equation. The method is as 
follows [15]: 

1. An initial set of flowrates satisfying continuity at each junction node is de¬ 
termined. ^ , • r ,V, 

2. A flow adjustment factor is simultaneously computed for each loop to satisfy the 

energy equations and avoid disturbance of the continuity balance. 

3. Step 2 is repeated using improved solutions until the flow adjustment factor is 

within a specified limit. 
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Belmont High 
Service 
Pumping 
Station 


Figure 5.17 Arterial pipe network of the Belmont High Service District, 
Philadelphia. (Courtesy of the Civil Engineering Department, University of Illinois, 
Urbana.) 


The simultaneous solution of L + F - 1 equations is required to determine the loop 
flow adjustment factors. Each equation includes the contribution for a particular loop as 
well as contributions from all other loops that have pipes in common. 

For loop }, the head change required to balance the energy equation is expressed in 
terms of the flow change in loop j (AQ;) and the flow changes in adjacent loops (Agt) 
as follows: 


m) =/(G,) + 

BQ BQ 

or 

M) = m,) + + /'(e,)Ae* (5.42) 

With the substitution/(j2) = ^E,f{Q,) = S H„ and f{Q) = 2 G„ Eq. 5.42 becomes 

A£ - 2 «, = (2 G.jAC, + 2 (G,Ae.) (5.43) 

in which 2 H, is the sum of the head changes for all pipes in loop j, (2 G,) X A(2; is the 
sum of all gradients for the same pipes times the flow change for loop j, and 2 (G, A(2*) 
is the sum of the gradients for pipes common to loops j and k multiplied by the flow 
change for loop k. 

A set of simultaneous linear equations is thus formed in terms of flow adjustment 
factors for each loop representing an energy equation. The solution of these linear equa¬ 
tions provides an improved solution for another trial until a specified convergence cri¬ 
terion is met. 

LINEAR (L) METHOD. This procedure involves the solution of the basic hydraulic 
equations for a pipe network [15]. In the method, the energy equations are linearized 
using a gradient approximation. This is accomplished in terms of an approximate dis¬ 
charge Q, as follows: 


f(Q) =m) - Q.) 







Figure 5.18 Intermediate grid sector, Belmont High Service District, Phila¬ 
delphia. (Courtesy of the Civil Engineering Department, University of Illinois, 
Urbana.) 


Introducing the expressions H, and G„ defined as before, the foregoing equation 
becomes 

2 G.e = E (G.e, - hj + ae (sai) 

This relationship is employed to formulate L -I- F - 1 energy equations, which, 
together with the J continuity equations, form a set of P simultaneous linear equations 
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Figure 5.19 Pressure contours of a distribution network. 


in terms of the flow rate in each pipe. A significant advantage of this scheme is that an 
arbitrary set of initial flow rates, which need not satisfy continuity, can be used to start 
the iteration. A flow rate based on a mean flow velocity of 4 ft/s has been used by Wood 
[15]. Successive trials are carried out until the change in flow rate between successive 
trials becomes insignificant. 

The use of the linear (L) method of analysis is illustrated by an example developed 
by Wood [15]. The calculations are given for one trial. The system analyzed is shown in 
Fig. 5.20, which includes the necessary data and shows the numbers assigned to the pipe 
sections and junction nodes. The system includes a globe valve in pipe 7 that imposes a 
noticeable minor loss. Other minor losses are neglected. A pump with constant-power 
input is included in pipe 2. The useful horsepower (hp) for this pump is given as 5. Thus, 
Eq. (5.24) becomes 


Ep = PiQ) = Z/Q 

and the pump constant Z = 550 hp„/62.4 = 44.07 in the example. The pump terms used 
in the equations for H, and G, [Eqs. (5.34) and (5.35)] are 

P{Q,) = Z/Q, and P'(e,) = -Z/j2? 
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Figure 5.20 Wood’s sample pipe system; o, junction node numbers; □, eleva¬ 
tions; 0, pipe numbers: -4, flow rate direction. (After D. T. Wood, “Algorithms for 
Pipe Network Analysis and Their Reliability.” Res. Rep. No. 127, University of 
Kentucky, Water Resources Research Institute, Lexington, KY, 1981.) 


The Hazen-Williams equation is employed in the example for head loss calculations. 
Using that expression, one obtains the pipeline constant: 

4.73L 

^ ^1.852£)4 87 

where n = 1.852, L is the pipe length, and D is the pipe diameter. Formulas for com¬ 
puting the pipeline constant in English and metric units for both the Hazen-Williams 
and Darcy-Weisbach equations are given in Table 5.4. 


Table 5.4 Formulas for Determining the Pipe Constant Kp _ 

UNITS FOR 


EQUATION TYPE 

K, 

Q 

L 

D 


Hazen-Williams 

4.73L 

C185£)4 87 

cfs 

ft 

ft 

ft 


10.44L 

C185£)4 87 

gpra 

ft 

in 

ft 


10.70L 

852)4 87 

mVs 

m 

m 

m 

Darcy-Weisbach 

fL 

39.70D5 

cfs 

ft 

ft 

ft 


fL 

32.15D5 

gpm 

ft 

in 

ft 


fL 

12.10D5 

mYs 

m 

m 

m 
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Table 5.5 Pipe System Constants 


PIPE NO. 

Kp 


Z 

1 

3.36 

0 

0 

2 

18.18 

0 

44.1 

3 

73.78 

0 

0 

4 

76.24 

0 

0 

5 

2.69 

0 

0 

6 

24.23 

0 

0 

7 

122.97 

64.44 

0 


Table 5.5 summarizes values of pipeline, minor loss, and pump constants for each 
pipe in the example system for a C vdue of 130. 

In the example, four mass continuity equations for the four junction nodes and three 
energy equations are required. The energy equations include one for each of the two 
loops noted (A£ = 0) and one additional energy equation for pipes connecting the two 
fixed-grade nodes (A£ = 25.38 ft). 

An arbitrary set of initial flow rates is defined to start the procedure. A flow rate 
based on a mean flow velocity of 4 ft/s is used for this purpose. The initial flow rates 
and corresponding values for G and H are shown in Table 5.6. A total of four continuity 
equations and three energy equations are to be solved simultaneously. The continuity 


equations [Eq. (5.18)] are 


-Qi + 02 + 05 = 0 

(junction 1) 

-Qi + 03 - 06 = -1.0 

(junction 2) 

-03 - 04 + 07 = -0.6 

(junction 3) 

04 - 05 + 06 = 0 

(junction 4) 

The energy equations [Eq. (5.44)] are derived using the data in Table 5.6. Calculations 


on the right-hand side of these equations for the two loops and for the path AB between 
the two fixed-grade nodes are given in Table 5.7. The left-hand side of the equations is 
the sum of the products of the G, and Q for each pipe in the loop or path. Notice that 

Table 5.6 Values of Q,. C,, and H, for the Linear Method _ 

HPENO. Q, ~ 


1 

0.7854 

5.072 

2.151 

2 

0.3491 

375.42 

-123.66 

3 

0.1963 

34.14 

3.619 

4 

0.1963 

35.278 

3.740 

5 

0.7854 

4.057 

1.721 

6 

0.3491 

18.308 

3.451 

7 

0.1963 

82.204 

8.517 



5 7 Hydraulic Design 157 


Table 5,7 Calculations for Energy Equations for the Linear (L) Method 


PIPE NO. 




AND SIGN 

G,x <2. 

H, A£ FOR LOOP 

Loop I 2+ 

375.42 X 0.3491 =+131.059 

+ 123.66 


6- 

18.308 X 0.3491 = -6.391 

+3.451 

0 

5- 

4.057 X 0.7854 = -3.186 

+ 1.721 


X G.Q = S (Gi(2, - H.) + ^E= 121.482 -1- 128.832 -1- 0.0 = 250.31 


Loopn 6+ 

18.308 X 0.3491 = +6.391 

-3.451 


3+ 

34.14 X 0.1963 = +6.702 

-3.169 

0 

4- 

35.278 X 0.1963 = -6.925 

+3.740 


1G,Q = 1 (G.Q, - H,) + A£ = 6.168 - 3.330 -H 0.0 = 2.838 


PathAfi 1 + 

5.072 X 0.7854 = +3.984 

-2.151 


2+ 

375.42 X 0.3491 =+131.059 

+ 123.66 

25.38 

3 + 

34.14 X 0.1963 = +6.702 

-3.619 

7+ 

82.204 X 0.1963 = +16.137 

-8.517 


XG,(2 = X(G,(2, 

- H,) + A£ = 157.882 + 109.373 + 25.38 = 292.635 



a sign convention must be used in accounting. The resulting three energy equations 
follow: 

5.072!2, + 375.42(22 + 34.14(23 + 82.204(2, = 292.63 (path A5) 

375.42(22 - 4.057(25 - 18.308(26 = 250.304 (loop I) 

34.14Q3 - 35.278(24 + 18.308^6 = 2.837 (loop.n) 

The solution of these equations (in cfs) is (2 1 = 1.725, Qi = 0.705, Qj = 0.262, ^4 = 
0.463, Qi = 1.020, Qe = 0.557, and Q^ = 0.125. These are used to formulate a second 
set of equations (only the energy equations change) and a second solution is obtained. 
The procedure continues until a specified convergence criterion is met. After five itera¬ 
tions the final flows were found to be (2 1 = 1-73, Q 2 = 1-37, = 0.37, = 0.36, 

Qs = 0.36, Qe = 0.001, and (2, = 0.131. 


Algorithms for Solving Node Equations 

The two most widely used node methods are the single-node adjustment (N) method 
and the simultaneous node adjustment (SN) method [15]. The N method was originally 
described by Hardy Cross [22]. The procedure is as follows: 

1. A reasonable grade is assumed for each junction node in the system. The better 
the inififll assumptions, the fewer the required trials. 

2. A grade adjustment factor for each junction node that tends to satisfy continuity 

•is computed. 

3. Step 2 is repeated using improved solutions until a specified convergence criterion 
is met. 
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The grade adjustment factor is the change in grade at a particular node (A/?) that 
will result in satisfying continuity and considering the grades at adjacent nodes fixed. 
For convenience, the required grade correction is expressed in terms of Qi, the flow based 
on the grades at adjacent nodes before adjustment. With the gradient approximation, 

f(Q) =AQ.) +nQ.)AQ 

and substituting terms defined previously, one derives the flow correction 

= ah (5.45) 

where Aii = H — H„ and the grade adjustment factor and AQ represent the flow cor¬ 
rections required to satisfy continuity at the nodes. From Eq. (5.18), 

AQ = 2 e, - e, (5.46) 

Thus, from Eqs. (5.45) and (5.46), 

AH = ^2 e. - G.) / 2 ^ (547) 

In Eq. (5.47), inflow is assumed positive. The numerator represents the unbalanced flow 
rate at the junction node [see also Eq. (5.41)]. 

The flow rate Q, in a pipe section before adjustment is computed from 

Q, = 

in which AH, is the grade change based on assumed initial values of grade. 

When pumps are located in a pipeline, the following expression can be used to 
determine Q,: 

AH, = KG'! - P{Q,) (5.48) 

Equation (5.48) is solved using an approximation procedure. Adjustment of the grade 
for each junction node is made following each trial until a selected convergence crite¬ 
rion is satisfied [15]. The SN method is based on simultaneous solution of the basic 
network node equations. These equations must be linearized in terms of approximate 
values of grade (head). Details of the procedure are reported in [15]. 

NEWTON—RAPHSON METHOD. The Newton-Raphson method is a widely used 
numerical method for solving systems of nonlinear equations [1]. The method is appli¬ 
cable to problems that can be expressed in the form F(H) = 0, where the solution is fliat 
value of H that causes F to become zero. Application of the technique to a simple system 
where there is only one equation with one unknown illustrates the principle involved. 
Here, the derivative of F can be approximated as 

^ + AH) - F(H) .g, 

dH ^ 

With an initial assumption of H, the solution is obtained by determining the value of 
H -I- AH that forces F to zero. By setting F(H + AH) to zero, the solution for AH 
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becomes 


AH 


-F(H) 

dFldH 


(5.50) 


The value of H used in the next step of the iterative process then becomes H + AH. 
Iterations continue until F closely approaches zero. 

Analysis of the types of pipe networks encountered in practice usually means deal¬ 
ing with large numbers of equations and unknowns. The Newton-Raphson method can 
be applied to either the N - 1, AH equations [Eq. (5.20)] or the AQ equations exempli¬ 
fied by Eq. (5.36). For each node, a head equation of the form of Eq. (5.28) is written 


where 


Fiji,) = 2 


H , - Ht 


-e = 0 


(5.51) 


N = the number of pipes that join at a node 
K = the pipeline constant 
n = 1.85 for the Hazen-Williams equation 
Q — the, flow withdrawn at the node 


The sign of the term in the summation depends on the direction of flow into or out of 
the junction. If Fiji) is the value of F at iteration i, then it follows that 


dF = F(t + 1) - F{i) 


(5.52) 


The same change can also be approximated as 

dF = + ■ . • + ^^H, (5.53) 

dH\ 0/32 

where AH is the change in H in the iteration from i to / + 1. The problem is one of 
iteratively determining the values of AH so that the end result is that F{i + 1) becomes 
zero. The process involves setting Eq. (5.52) equal to Eq. (5.53). A system of k linear 
equations with k unknowns of the form AH results. These equations can be solved by 
various linear methods [1]. 

The solution is obtained by selecting initial values of H, calculating the partial 
derivatives of each F with respect to H, and solving the set of linear equations to find a 
new value of H. The process is repeated until all of the calculated F values are suffi¬ 
ciently close to zero. Note that the derivative of the terms in Eq. (5.51) is of the form 

dH n{K^y"' 

The following example illustrates the Newton-Raphson procedure. 


■ EXAMPLE 5.6 Given the simple pipe network of Fig. 5.21, find the value of H, if 
C = 100 andn = 1.85. 



160 CHAPTERS Conveying and Distributing Water 



t 

800 ft, 4 in.(|) 

Figure 5.21 Network diagram for Example 5.6. 


Solution: Equations (5.51) and (5.54) are applied along with 

In this case there are only two pipes, and only one equation must be solved for F, 
dFJdH, and H{i + 1) at each iteration. Based on an initial assumption of 100 for 
the calculated values of F, dFIdH, and H(i + 1) are displayed in Table 5.8. The first set 
of calculations follows. 

1. Values of Ki and K 2 are calculated by using the formula in Table 5.4 for the 
Hazen-Williams equation, where Q is in cfs and L and d are in ft: 

K, = (4.73 X 1000)/[(100)>«5(0.5)^8’] 

= 275.95 

In like manner, by substituting the appropriate values and solving, Ki is found 
to be 167.78. 


2. Assuming that= 100 and using Eq. (5.51), 


Fm = 


/ l30 - lOO y 
\ 275.95 ) ^ 

-0.504 


/ 130 - 100 
\ 167.78 ) 


1.2 


Table 5,8 Calculated Values of H, F. and dF/dH 


for Example 5.6 

ITERATION NO. 

H 

F 

dF/dH 

1. 

100.00 

-0.504 

-0.0125 

2. 

59.68 

-0.097 

-0.0084 

3. 

48.13 

-0.002 

-0.0078 

4. 

47.87 
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3. Using Eq. (5.54), 

KdHJ, 1.85(275.95)“ ^'•(130 - 100)“ 

_ ^ _ 

1.85(167.78)“ ='•(130 - 100)“"« 

= - 0.0125 

4. The new value of H is found from Eq. (5.55): 

//,+i = 100 - (-0.504/-0.0125) 

= 59.68 

5. The procedure is repeated, and the solutions are recorded in Table 5.5. 

6. Noting that the sum of the Qs must equal 1.2 cfs, the equations for Q in pipes 1 
and 2 are solved by using the head loss calculated to see if their sum is correct. 
From Eq. (5.26), 

0, = [(130 - 47.87)/275.95]“5'‘ = 0.52 cfs 
02 = [(130 - 47.87)/167.78]“54 = 0.68 cfs 
0, + 02 = 0.52 + 0.68 = 1.2 cfs, 
which checks. 

7. If the check had shown that the sum of the 0 s did not equal 1.2 very closely, 

additional iterations would be required. ■ 


Distribution System Anaiysis Using EPANET 

EPANET is a computer program that performs extended period simulation of hydraulic 
and water quality behavior within pressurized pipe networks [5], A network can consist 
of pipes, nodes (pipe junctions), pumps, valves, and storage tanks or reservoirs. EPANET 
tracks the flow of water in each pipe, the pressure at each node, the height of water in 
each tank, and the concentration of a substance throughout the network during a multi¬ 
time-period simulation. A special feature of EPANET is its coordinated approach to 
modeling network hydraulics and water quality. EPANET can be used for numerous 
types of applications in distribution system analysis. The discussion of EPANET given 
herein follows that of Rossman [5]. 

The EPANET package (1994, version 1.1) contains two program modules. The 
first is a network simulator that runs under DOS, the second module is a Microsoft® 
Windows™ 3.x program that permits editing input data, running the simulator, and 
graphically displaying results on a network map. The EPANET program and its manual 
can be accessed on the World Wide Web at the following address: http://www.epa.gov/ 
docs/RREL. 
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NETWORK COMPON ENTS. EPANET views a water distribution network as a col¬ 
lection of links connected together at their endpoints called nodes (refer to Fig. 5.16) 
Links may include pipes, pumps, and valves. Nodes may be points of water withdrawal 
(demand nodes), locations where water is introduced to the network (source nodes), or 
locations of tanks or reservoirs (storage nodes). In analyzing a network, EPANET can 
accept flow rates in cubic feet per second (cfs), gallons per minute (gpm), million gal¬ 
lons per day (mgd), or liters per second (1/s). 

PIPES. Pipes transport water. The direction of flow is from the end at higher head 
(potential energy per pound of water) to that at lower head. Pipes may contain check 
valves that restrict flow to a specific direction. Such valves can be made to open or close 
at preset times, when tank levels fall below or above certain set points, or when nodal 
pressures fall below or above certain set points. Head lost to friction associated with 
flow through a pipe can be expressed in a general fashion as [Eq. (5.4)]: 

hi = aq^ (5.56) 

where is the head loss in feet, q is the flow in cfs, a is a resistance coefficient, and h 
is a flow exponent. EPANET can be mn using the Hazen-Williams formula, the Darcy- 
Weisbach formula, or the Chezy-Manning formula. 

PUMPS. Pumps are used to increase the hydraulic head of water (see Sections 5.9 to 
5.14). A pump characteristic curve (Fig. 5.33) describes the head imparted to a fluid as 
a function of its flow rate through the pump. EPANET represents pump curves with a 
function of the form: 

he = K - aq^ (5.57) 

where ho is the head gain imparted by the pump in ft, q is the flow through the pump in 
cfs, h„ is the shutoff head, a is a resistance coefficient, and is a flow exponent. By 
supplying EPANET with the shutoff head and two other points on the pump curve, 
the program can estimate values for a and b. Some pumps exhibit a different type of 
characteristic curve beyond their normal flow range. In this case EPANET can describe 
pump behavior using two equations, one for the normal flow range and another for its 
extended flow range [5]. 

When a pump s characteristic curve is unknown, it may be assumed that the pump 
adds energy to the water at a constant rate. The equation of the pump curve then 
becomes 

ha == 8.81 Hpfq (5.58) 

where Hp is the pump horsepower. The latter quantity can be computed based on an 
initial estimate of the flow and head at which the pump will operate. This type of pump 
curve should only be used for steady-state, preliminary design studies [5]. 

Flow through a pump is unidirectional and pumps must operate within the head and 
flow limits imposed by their characteristic curves. If the system conditions require that 
the pump produce more than its shutoff head, EPANET will attempt to close the pump 
off and wiU issue a warning message. EPANET allows the operator to turn pumps on or 
o at preset times, when tank levels fall below or above certain set points, or when nodal 
pressures fall below or above certain set points. Variable-speed pumps may also be used 
y specifying that their speed setting be changed under these same conditions. 
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VALVES. In addition to valves in pipes that are either fully opened or closed (such as 
check valves), EPANET can also represent valves that control either the pressure or flow 
at specific points in a network. Such valves are considered links of negligible length with 
specified upstream and downstream junction nodes. The types of valves that can be mod¬ 
eled are pressure-reducing valves (PRVs), pressure-sustaining valves (PSVs), pressure 
breaker valves (PB Vs), flow control valves (FCVs), and throttle control valves (TCVs), 

MINOR LOSSES. Minor head losses are usually associated with turbulence that oc¬ 
curs at bends, junctions, meters, and valves. The importance of such losses depends on 
the nature of the pipe network and the degree of accuracy required. EPANET allows 
each pipe and valve to have a minor loss coefficient associated with it. It computes the 
resulting head loss from the following formula: 

hi, = OmSlKq^d-* (5.59) 

where K is a. minor loss coefficient, q is flow rate in cfs, and d is diameter in ft. Table 5.2 
gives values of K for several components. 

NODES. In order to determine the total hydraulic head at any node, the elevation 
above sea level of all nodes must be specified in EPANET. Any water withdrawals or 
inputs at nodes that are not storage nodes must be known over the period of time the 
network is being analyzed. Storage nodes (i.e., tanks and reservoirs) are special types of 
nodes where a free water surface exists and the hydraulic head is the elevation of water 
above sea level. Tanks are distinguished from reservoirs by having their water surface 
level change as water flows into or out of them; reservoirs remain at a constant water 
level regardless of flow. EPANET models the change in water level of a storage tank 
with the following equation: 

Ay = (q/A)^t (5.60) 


where 

Ay = change in water level, ft 
q = flow rate into (+) or out of (—) tank, cfs 
A = cross-sectional area of the tank, ft^ 

Ar = time interval, s 

The cross-sectional area and the minimum and maximum permissible water levels for 
storage tanks must be specified in EPANET. Reservoir-type storage nodes are used to 
represent external water sources, such as lakes, rivers, and well fields. External water 
withdrawal or supply rates are not to be associated with reservoirs. 


Time Patterns 

EPANET assumes that water usage rates, external water supply rates, and constituent 
source concentrations at nodes remain constant over a fixed period of time, but these 
quantities can change from one time period to another. The default time period is 1 hr, 
but this can be set at any desired value. The value of any of these quantities in a time 
period equals a baseline value multiplied by a time pattern factor for that period. 
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Figure 42 illustrates a pattern of factors that might apply to daily water demands. Dif¬ 
ferent patterns can be assigned to individual nodes or groups of nodes. 


Hydraulic Simulation Model 

The hydraulic model used by EPANET is an extended period hydraulic simulator that 
solves the following set of equations for each storage node s (tank or reservoir) in the 
system: 


dyjdt = qJA, (5.61) 

^1 ^sj (5(62) 

K = E, + ys (5.63) 

along with the following equations for each link (between nodes / and j) and each 
node k: 

h, - h,= f{q,) (5.64) 

2, q„ - 2, q,, - G* = 0 (5.65) 


where the unknown quantities are: y, = height of water stored at node s, ft; qs ~ flow 
into storage node s, cfs; qtj = flow in link connecting nodes I and 7 , cfs; hi = hydraulic 
grade line elevation at node I (equal to elevation head plus pressure head), ft; and the 
known constants are: = cross-sectional area of storage node s (taken as infinite for 
reservoirs), fF; E, = elevation of node s, ft; G* = flow consumed (+) or supplied (-) 
at node k, cfs;/(‘) = functional relation between head loss and flow in a link. 

Equation (5.61) expresses conservation of water volume at a storage node, while 
Eqs. (5.62) and (5.65) do the same for pipe junctions. Equation (5.64) represents the 
energy loss or gain due to flow within a link. For known initial storage node levels ys at 
time zero, Eqs. (5.64) and (5.65) are solved for all flows q^j and heads h, using Eq. (5.63) 
as a boundary condition. This step is called “hydraulically balancing” the network, 
and is accomplished by using an iterative technique to solve the nonlinear equations 
involved. 

The method used by EPANET to solve these equations is known as the “gradient 
algorithm” and has several appealing features. The system of linear equations to be 
solved at each iteration is sparse, symmetric, and positive-definite. This permits very 
efficient sparse matrix techniques to be used for their solution [5, 24]. The gradient 
method also maintains flow continuity at every node after the first iteration. In addition, 
the procedure can handle pumps and valves without having to change the structure of 
the equation matrix when the status of these components changes. 

Once a network hydraulic solution is obtained, flow into (or out of) each storage 
node q, is found from Eq. (5.62) and used in Eq. (5.61) to find new storage node eleva¬ 
tions after a time step Ar. This process is repeated for all subsequent time steps for the 
remainder of the simulation period. 

The usual hydraulic time step used in EPANET is 1 hr, but it can be shortened if 
greater accuracy is required. Shorter time steps than normal can occur automatically 
whenever pipe or pump controls are activated (e.g., a tank fills to the level that causes a 
pump to shut off), or when a tank becomes either, empty or full (causing the tank outlet/ 
inlet line to be closed). 
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M/lcrter Quality Simulation Model 

EPANET’s dynamic water quality simulator tracks the fate of a dissolved substance 
flowing through the network over time. It uses the flows from the hydraulic simulation 
to solve a conservation of mass equation for the substance within each link. Additional 
information on this feature may be had from [5]. 


Data Assembly 

Before applying EPANET, the following data assembly steps are recommended [5]: 

1. Identify the network’s components and their connections. The components consist 
of pipes, pumps, valves, storage tanks, and reservoirs. Nodes are junctions where 
network components connect. Tanks and reservoirs are considered nodes. The 
component connecting any two nodes is termed a link and may be a pipeline, 
pump, or valve. 

2. Assign unique ID numbers to all nodes and ID numbers to each link. The same 
ID number may be used for both a node and a link. 

3. Collect information on the following system parameters: diameter, length, rough¬ 
ness, and minor loss coefficient for each pipe; the characteristic curve for each 
pump; the diameter, minor loss coefficient, and pressure or flow setting for each 
control valve; diameter and lower and upper water levels for each tank; control 
rules that determine how pump, valve, and pipe settings change with time, tank 
water levels, or nodal pressures; changes in water demands for each node over the 
time period being simulated; and initial water quality at all nodes and changes in 
water quality over time at source nodes. 

EPANET receives its input data from a file divided into sections denoted by a spe¬ 
cific keyword in brackets. Text appearing after a semicolon is a comment. Figure 5.23 
is a sample EPANET input file. The keywords and the categories of input data they 
represent are: 


[TITLE] 

problem title 

[JUNCTIONS] 

junction node information 

[TANKS] 

tank/reservoir information 

[PIPES] 

pipe information 

[PUMPS] 

pump information 

[VALVES] 

valve information 

[REPORT] 

output report format 

[STATUS] 

initial status of selected links 

[CONTROLS] 

link control rules 

[PATTERNS] 

water demand and source strength time patterns 

[TIMES] 

simulation time step parameters 

[QUALITY] 

initial water quality in network 

[SOURCES] 

baseline contaminant source strength 

[REACTIONS] 

reaction rate coefficients 



166 CHAPTERS Conveying and Distributing Water 

[OPTIONS] miscellaneous analysis options 

[DEMANDS] changes in baseline water demands 

[ROUGHNESS] changes in pipe roughness coefficients 

[END] signals end of input file 

In setting up a data file, the [JUNCTIONS], [TANKS], and [PIPES] sections are 
mandatory. The order of sections is not important, except that whenever data in a section 
references a node, that node must have already been defined in the [JUNCTIONS] or 
[TANKS] sections. The same holds true for any reference to a link (pipe, pump, or 
valve). 

■ EXAMPLE 5.7 Find the pipe flows and the pressures at the nodes of the network 
shown in Fig. 5.22. Use the EPANET program. Input data are given in Figs. 5,22 and 
5.23. Note that in this case the flows are in gpm and the heads are in ft. 

Solution: Enter the data in the EPANET input format shown in Fig. 5.23. Note that 
the data are organized into a number of categories (some categories not applicable to 
the problem are not shown, but information on them can be found in [5]). In Fig. 5.22 it 
can be seen that both the source (reservoir node #14) and the pump are defined by the 
same node number and that the line drawn on the figure between the source and node #1 
is not considered a pipe and thus has no length or diameter. That link simply represents 
the pump. The actual pipeline from the source to the system is pipeline #1. The tank at 
node #15 is connected to the system by pipeline #4. 

The [JUNCTIONS] section shows the ID assigned each node, its elevation, and the 
demand at the node. The [TANKS] section shows the specifications for tank #15 and 
the source reservoir #14 (note that for the reservoir, the source is considered unlimited 
and only the surface elevation is required). The [PIPES] section shows the pipe ID, 
specifies the head and tail nodes, gives the pipe length and diameter, and the roughness 
coefficient. The [PUMPS] section gives the node designation for the pump and, in this 



Pipe# ' 

Figure 5.22 Pipe network for Example 5.7. 
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[JUNCTIONS] 


D 

Elevation 

Demand 

(Pattern) 

1 

805 

0 


2 

800 

150 


3 

775 

150 


4 

760 

165 


5 

790 

115 


6 

800 

145 


7 

807 

160 


8 

810 

155 


9 

825 

120 


10 

815 

no 


[TANKS] 





ID 

Elevation 

Initial 

Level 

Minimum 

Level 

Maximum 

Level 

(Minimum 
Diameter Volume) 


15 

14 

960 

900 

125 

100 

155 

52 



[PIPES] 








ID 

Head 

Node 

Tail 

Node 

Length 

Diameter 

Roughness 

Coefficient 

(Minor 

Loss 

Coeffi¬ 

cient) 

(Check 

Valve) 


1 

1 

2 

11000 

18 

120 

2 

2 

3 

4000 

16 

120 

3 

3 

4 

3000 

14 

120 

4 

15 

4 

300 

18 

120 

5 

4 

5 

6000 

10 

120 

6 

2 

6 

7000 

10 

120 

7 

4 

7 

5500 

12 

120 

8 

5 

8 

5000 

10 

120 

9 

6 

7 

7700 

8 

120 

10 

7 

8 

6000 

8 

120 

11 

6 

9 

5700 

8 

120 

12 

9 

10 

7100 

8 

120 

13 

10 

7 

7200 

6 

120 

[PUMPS] 







Head 

Tail 

Head 

Flow 


ID 

Node 

Node 

Characteristics 


14 

14 

1 

275 

1600 


[CONTROLS] 





Link 

ID 

Setting 

Condition 




Link 14 open if node 15 below 115 
Link 14 closed if node 15 above 140 


j Figure 5.23 EPANET input data for Example 5.7. 


continues to next page 
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[PATTERNS! _ 

ID Multipliers 

1 1.0 1.2 1.4 1.6 1.4 

1 1.0 0.8 0.6 0.4 0.6 


rriMESj 


Execution Control Information 

DURATION 

24 HOUR 

HYDRAULIC TIMESTEP 

1 HOUR 

PATTERN TIMESTEP 

2 HOUR 

REPORT TIMESTEP 

6 HOUR 

REPORTSTART 

OHOUR 

[OPTIONS] 


Network Properties 
& Simulation Options 


UNITS GPM 

HEADLOSS H-W 

QUALITY NONE 

SPEaPIC GRAVITY 1.0 

VISCOSITY l.lE-5 

DIFFUSIVITY 1.3E-8 

TRIALS 40 

ACCURACY 0.001 

SEGMENTS 100 

MAP Disl.map 


Figure 5.23 Continued. 


1.2 

0.8 


case, gives the design head in ft and the design flow in gpm. The [CONTROLS] section 
specifies when the pump may or may not be operating and the [PATTERNS] section 
gives the multipliers for node values. The [TIMES] section gives the duration (in the 
example, 24 hr) and the pattern time step (2 hr), and the [OPTIONS] section shows the 
units used (gpm, ft) and identifies the map file. 

Once the data are input, the run command is given and the problem is solved. The 
output data reports for nodes and links at six and eighteen hours are given in Fig. 5.24. 
Figure 5.25 shows the node pressures and pipe velocities at 18 hr. ■ 

Selection of a Method of Network Analysis 

In all decisions regarding the selection of an appropriate analytical tool, the designer or 
analyst must first answer the question of what is expected of the design or analysis. The 
network methods described herein are all equipped to accommodate many features of 
pipe systems. The methods are not all equal in their breadth, however, and they are not 
all equal in their ability to converge on a solution. Thus, the analyst should know some¬ 
thing about the virtues and deficiencies of these tools [16]. The discussion that follows 
points out some features that are worth understanding. 

Node equations are easy to formulate because they include only contributions from 
adjacent nodes. Loop equations require the identification of an appropriate set of energy 
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EPANET Solution for Example 5 .7_ 


Input Data File .NETV4.INP 

Output Report File . 

Verification File . 

Hydraulics File . 

Map File .Disl.inap 

Number of Pipes .13 

Number of J^odes . 12 

Number of Tanks .2 

Number of Pumps .1 

Number of Valves .0 

Headloss Formula .Hazen-Williams 

Hydraulic Timestep ...1.00 hr 

Hydraulic Accuracy .0.001000 

Maximum Trials .40 

Quality Analysis .None 

Specific Gravity .1-00 

Kinematic Viscosity .1-1 Oe-05 sq ft/s 

Chemical Diffusivity.1.30e-08sqft/s 

Total Duration .24.00 hr 

Unh Results at 6 hrs 


DIAMETER FLOW VELOCITY HEAD LOSS 

LINK in gpm_ft/s_ ft/kft 


Pipe 1 18.00 2009.92 2.53 1.49 

Pipe 2 16.00 1282.82 2.05 1.16 

Pipes 14.00 1042.82 2.17 1.51 

Pipe 4 18.00 22.08 0.03 0.00 

Pipes 10.00 323.05 1.32 0.89 

Pipe 6 10.00 487.10 1.99 1.90 

Pipe 7 12.00 477.85 1.36 0.75 

Pipes 10.00 139.05 0.57 0.19 

Pipe 9 8.00 -1.43 0.01 0.00 

Pipe 10 8.00 108.95 0.70 0.35 

Pipe 11 8.00 256.53 1.64 1.72 

Pipe 12 8.00 64.53 0.41 0.13 

Pipe 13 6.00 -111.47 1.26 1.49 

Pump 14 0.00 2009.92 0.00 - 222.01 

Link Results at 18 hrs ___ 

DIAMETER FLOW VELOCITY HEADLOSS 

LINK _in_gpm_ftA__ 

Pipe 1 18.00 2064.28 2.60 1.57 

Pipe 2 16.00 1616.17 2.58 1.77 

Pipe 3 14.00 1556.17 3.24 3.16 

Pipe 4 18.00 -1556.28 1-96 0.93 

Pipes 10.00 55.71 0.23 0.03 

Pipe 6 10.00 388.11 1.59 1.25 

continues to next page 


Figure 5.24 EPANET output data for Example 5.7. 
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Link Results at / 8 hrs (continued) 


DIAMETER 

FLOW 

VELOCITY 

HEADLOSS 

LINK 

in 

gpm 

ft/s 

ft/kft 

Pipe? 

12.00 

-121.82 

0.35 

0.06 

Pipe 8 

10.00 

9.71 

0.04 

0.00 

Pipe 9 

8.00 

188.81 

1.21 

0.98 

Pipe 10 

8.00 

52.29 

0.33 

0.09 

Pipe 11 

8.00 

141.31 

0.90 

0.57 

Pipe 12 

8.00 

93.31 

0.60 

0.26 

Pipe 13 

6.00 

49.31 

0.56 

0.33 

Pump 14 

0.00 

2064.28 

0.00 

-214.08 

Node Results at 6:00 hrs 





DEMAND 

ELEVATION 

GRADE 

PRESSURE 

NODE 

gpm 

ft 

ft 

psi 

Node 1 

0.00 

805.00 

1122.01 

137.36 

Node 2 

240.00 

800.00 

1105.58 

132.41 

Nodes 

240.00 

775.00 

1100.95 

141.24 

Node 4 

264.00 

760.00 

1096.43 

145.77 

Node 3 

184.00 

790.00 

1091.09 

130.46 

Node 6 

232.00 

800.00 

1092.27 

126.64 

Node 7 

256.00 

807.00 

1092.27 

123.61 

Node 8 

248.00 

810.00 

1090.16 

121.39 

Node 9 

192.00 

825.00 

1082.47 

111.56 

Node 10 

176.00 

815.00 

1081.52 

115.48 

Tank 15 

-22.08 

960.00 

1096.43 

59.11 

Tank 14 

-2009.92 

900.00 

900.00 

0.00 

Node Results at 18:00 hrs 





DEMAND 

ELEVATION 

GRADE 

PRESSURE 

NODE 

gpm 

ft 

ft 

psi 

Node 1 

0.00 

805.00 

1114.08 

133.93 

Node 2 

60.00 

800.00 

1096.81 

128.61 

Nodes 

60.00 

775.00 

1089.73 

136.37 

Node 4 

66.00 

760.00 

1080.23 

138.76 

Node 5 

46.00 

790.00 

1080.03 

125.67 

Node 6 

58.00 

800.00 

1088.08 

124.82 

Node? 

64.00 

807.00 

1080.56 

118.54 

Nodes 

62.00 

810.00 

1080.02 

117.00 

Node 9 

48.00 

825.00 

1084.82 

112.58 

Node 10 

44.00 

815.00 

1082.94 

116.10 

Tank 15 

1556.28 

960.00 

1079.95 

51.98 

Tank 14 

Figure 5.24 

-2064.28 

900.00 

900.00 

0.00 


equations, including terms for all pipes in the primary loops and for paths between fixed- 
grade nodes. Formulating this set of equations is considerably more difficult than for¬ 
mulating node equations. 

The procedures described herein are all iterative. Computations continue until a 
specified convergence criterion is met. The solutions are therefore approximate, al- 
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0.00 Source 



Figure 5.25 EPANET solution for Example 5.7 at 18 hours. 


though they can be very accurate. The ability of an algorithm to produce an acceptable 
solution is important, and thus knowledge of the convergence problems associated with 
a technique proposed for use is basic to achieving good results. 

A solution is considered satisfactory when all the basic equations are satisfied to a 
high degree of accuracy. Continuity is always exactly satisfied when loop equations are 
used. The loop algorithms proceed to satisfy the energy equations iteratively, and the 
degree to which heads are unbalanced for the energy equations is evidence of solution 
accuracy. For methods based on node equations, iterations are carried out to satisfy 
continuity at junction nodes and the unbalance in continuity is the indicator of solution 
accuracy. 

Studies by Wood, using an extensive data base, have shown that the P, N, and SN 
methods may exhibit significant convergence problems [15]. Thus, great care should be 
exercised when using these commonly employed tools. 

Failures of the SN method are characterized by difficulty in meeting a reasonable 
convergence criterion. When this occurs in a limited number of trials, further trials are 
usually of no benefit. The failure rate for this method is quite high, and the use of results 
obtained employing this method is not recommended unless accuracy is obtained in a 
small number of trials [15]. It has also been found that algorithms based on the node 
equations (N and SN methods) fail to provide reliable results where low-resistance lines 
are encountered. This is attributable to the fact that solution algorithms for these equa¬ 
tions do not incorporate an exact continuity balance. 

For most network methods, failure rates are reduced when assumed initial values are 
close to the final values. However, there is no way to assume that this condition will be 
met, and even when it is, an excellent set of initial conditions does not guarantee 
convergence. 

Both the SP and L methods have been found to provide excellent convergence, and 
the attainment of a reasonable convergence criterion is sufficient to assure great accu¬ 
racy. Convergence failure for these methods is very rare, but since a gradient method is 
used to handle the nonlinear terms, there is always the po§sibility of convergence prob¬ 
lems. Poor pump descriptions pose special problems, for example. The L method ap¬ 
pears to have some advantages over the SP method. Assumed arbitrary flow rates need 
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not satisfy continuity as the continuity conditions are already incorporated into the basic 
set of equations. This method also allows a more straightforward and reliable inclusion 
of hydraulic components such as check valves, closed lines, and pressure-regulating 
valves. Although the SP method has significantly fewer equations to solve, the use of 
sparse matrix techniques to handle the larger matrix generated by the L method has 
somewhat negated this advantage. 

Wood has concluded that, if possible, either the SP or L method should be employed 
for pipe network analysis and that convergence is virtually assured if reasonable data 
are employed. Of the two methods, the L method appears to have slightly better conver¬ 
gence characteristics [15]. 


5.8 Distribution Reservoirs and Service Storage 

Distribution reservoirs provide service storage to meet the widely fluctuating demands 
often imposed on a distribution system, to accommodate fire-fighting and emergency 
requirements, and to equalize operating pressures. They are elevated at or just below 
ground level. 

The main categories of storage reservoirs are surface reservoirs, standpipes, and 
elevated tanks. Common practice is to line surface reservoirs with concrete, gunite, as¬ 
phalt, or an asphaltic membrane. Surface reservoirs may be covered or uncovered. 
Whenever possible a cover should be considered for the prevention of contamination of 
the water supply by animals or humans and to prevent the formation of algae. 

Standpipes or elevated tanks are normally employed where the construction of a 
surface reservoir would not provide sufficient head. A standpipe is essentially a tall 
cylindrical tank whose storage volume includes an upper portion (the useful storage), 
which is above the entrance to the discharge pipe, and a lovyer portion (supporting stor¬ 
age), which acts only to support the useful storage and provide the required head. For 
this reason, standpipes over 50 ft high are usually uneconomical. Steel, concrete, and 
wood are used in the construction of standpipes and elevated tanks. When it becomes 
more economical to build the supporting structure for an elevated tank than to provide 
for the supporting storage in a standpipe, the elevated tank is used. A good discussion 
of the construction details and characteristics of various kinds of distribution reservoirs 
is given by Babbitt, Doland, and Cleasby [26]. 

Distribution reservoirs should be located strategically for maximum benefits. Nor¬ 
mally the resen Dir should be near the center of use, but in large metropolitan areas a 
number of distribution reservoirs may be located at key points. Reservoirs providing 
service storage must be high enough to develop adequate pressures in the system they 
are to serve. A central location decreases friction losses by reducing the distance from 
supply point to the area served. Positioning the reservoir so that pressures may be ap¬ 
proximately equalized is an additional consideration of importance. Figure 5.26 will 
illustrate this point. The location of the tank as shown in part (a) results in a very large 
loss of head by the time the far end of the municipality is reached. Thus, pressures too 
low will prevail at the far end or excessive pressures will be in evidence at the near end. 
In part (b) it is seen that pressures over the whole municipal area are much more uniform 
for periods of both high and low demand. Note that during periods of high demand the 
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Total energy 



Total energy 



Figure 5.26 Pressure distribution as influenced by the location of a 
distribution reservoir. 


tank is supplying flow in both directions (being emptied), whereas during periods of low 
demand the pump is supplying the tank and the municipality. 

The amount of storage to be provided is a function of the capacity of the distribution 
network, the location of the service storage, and the use to which it is to be put. When 
water treatment facilities are required, it is preferable to operate them at a uniform rate 
such as the maximum daily rate. It is also usually desirable to operate pumping units at 
constant rates. Demands on the system in excess of these rates must therefore be met by 
storage, previously defined as operating storage. Requirements for fire-fighting purposes 
should be sufficient to provide fire flows for 10-12 hr in large communities and for 2 hr 
or longer in smaller ones. Emergency storage is provided to sustain the community’s 
needs during periods when the inflow to the reservoir is shut off—for example, through 
a failure of the supply work, failure of pumping equipment, or need to take a supply line 
out of service for maintenance or repair. The length of time the supply system is ex¬ 
pected to be out of service dictates the amount of emergency storage to be provided. 
Emergency storage volume sufficient to last for several days are common. 

The amount of storage required for emergency and fire-fighting purposes is readily 
computed once the time period over which these flows are to be provided has been 
selected [27]. An emergency storage of 3 days for a community of 8000 having an 
average use rate of 150 gpcd is 3 X 150 X 8000 = 3.6 mil gal. Given that a fire flow of 
2750 gpm must be provided for a duration of 10 hr, this means a total fire-fighting 
storage of 1.65 mil gal. To the sum of these values, an additional equalizing or operating 
storage requirement would be added. The determination of this volume is slightly more 
complex and needs further explanation. 
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To compute the required equalizing or operating storage, a mass diagram or hydro- 
graph indicating the hourly rate of consumption is required. The procedure to be used 
in determining the needed storage volume follows: 

1. Obtain a hydrograph of hourly demands for the maximum day. This may be ob¬ 
tained through a study of available records, by gaging the existing system during 
dry periods when lawn-sprinkling demands are high, or by using available design 
criteria such as those presented in Chapter 4 to predict a hydrograph for some 
future condition of development. 

2. Tabulate the hourly demand data for the maximum day as shown in Table 5.9. 

3. Find the required operating storage by using mass diagrams such as in Figs. 5.27 
and 5.28, the hydrograph of Fig. 5.29, or the values tabulated in column 6 of 
Table 5.9. 

The required operating storage is found by using a mass diagram with the cumula¬ 
tive pumping curve plotted on it. Figure 5.27 illustrates this diagram for a uniform 24-hr 
pumping rate. Note that the total volume pumped in 24 hr must equal the total 24-hr 
demand, and thus the mass curve and cumulative pumping curve must be coincident at 
the origin and at the end of the day. Next, construct a tangent to the mass curve parallel 
to the pumping curve at point A in the figure. Then draw a second parallel tangent to the 
mass curve at point C and drop a vertical from C to an intersection with tangent AB at 
jB. The required storage is equal to the magnitude of the ordinate CB measured on the 
vertical scale. In the example shown, the necessary storage volume is found to be 
1.47 mil gal for a 24-hr pumping period. 

Readers should recognize that the reservoir is full at A, is empty at C, is filling 
whenever the slope of the pump curve exceeds that of the cumulative demand curve, 
and is being drawn down when the rate of demand exceeds the rate of pumping. 

It is often desirable to operate an equalizing reservoir so that pumping will take 
place at a uniform rate but for a period less than 24 hr. In small communities, for ex¬ 
ample, it is often advantageous to pump only during the normal working day. It may 
also be more economical to operate the pumping station at off-peak periods when elec¬ 
tric power rates are low [26]. 

Figure 5.28 illustrates the operation of a storage reservoir where pumping occurs 
during the period between 6 a.m. and 6 p.m. only. To find the required storage in this 
case, construct the cumulative pumping curve ED so that the total volume of 6.87 mil 
gal is pumped uniformly from 6 a.m. to 6 p.m. Then project point E vertically upward 
to an intersection with the cumulative demand curve at A. Construct line AC parallel to 
ED. Point C will be at the intersection of line AC with the vertical extended upward 
from 6 p.m. on the abscissa. The required storage equals the value of the ordinate CBD. 
Numerically it is 2.55 mil gal and exceeds the storage requirement for 24-hr pumping. 

Another graphical solution to the storage problem may be obtained as outlined in 
Fig. 5.29. The figure is a plot of the demand hydrograph for the maximum day. For 
uniform 24'hr pumping, the pumping rate will be equal to the mean hourly demand. 
This is shown as line PQ. The required storage is then obtained by planimetering or 
determining in some other manner the area between curve BEC and line PQ. Conversion 
of this area to units of volume yields the required storage of 1.47 mil gal. The requhed 
storage for 24-hr pumping may also be determined by summing either the plus or minus 
values of column 6 in Table 5.9. 


Table 5.9 Hourly D emand for the Maximum Day 
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12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

P.M. A.M. P.M. 


Time of day 

Figure 5.27 Operating storage for 24-hr pumping, determined by use of 

a mass diagram. 

Unless pumping follows the demand curve or demand hydrograph, storage will be 
required. Figure 5.29 shows that a maximum pumping rate of about 9400 gpm will be 
required with no storage, whereas if storage is provided, a maximum pumping rate of 
4775 gpm (about 50% of that required with no storage) will suffice. This example tends 
to illustrate the economics of providing operating storage. 

Variable-rate pumping is normally not economical. In practice, it is common to 
provide storage and pumping facilities so that pumping at the average rate for the maxi¬ 
mum day can be maintained. On days of less demand, some pumping units will stand 
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pumping. 


idle. Another operational procedure is to provide enough storage for pumping at the 
average rate for the average day, with idle reserve capacity, and then to overload all 
available units on the maximum day. Provision of pumping and storage capacity to meet 
peak demands experienced for only a few hours every few years has been found to be 

economically impractical. . i. • 

Analyses of distribution systems are commonly concerned with the pipe network, 
topographic conditions, pumping station performance, and the operating characteristics 
of the distribution storage. One, all, or any combination of these features may be the 
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Time of day 

Figure 5.29 Graphical determination of equalizing storage. 


object of study. Where multiple sources of supply operate under variable-head condi¬ 
tions, the hydraulic balancing of the system becomes more complex. The simple system 
of Fig. 5.30 illustrates this point. 

Considering that the demand for water by the municipal load center fluctuates 
hourly, it is evident that there are essentially two modes of operation of the given distri¬ 
bution system. When municipal requirements are light, such as in the early morning 
hours, the pumping station will meet these demands and in addition supply the reservoir. 
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The solution of the problem may then be had by writing the equations 

0) Qi ~ Qd — Qi 

( 2 ) Zp + Ep = Zu: + 

(3) Ztc + Ep^ = Zr + 

(2 + 3) + Hy^ Ep +Zp - Zt 

where 

Q 1 = flow from the pump 
Qt> = municipal demand 
02 = flow to the tank 

Zp, Zuc, Zt = elevation above the arbitrary datum 

(Zr = elevation of water surface in tank) 

Ep = energy produced by the pump 
Ep^ = residual energy of the load center 
(pressure head plus velocity head) 

///,, etc. = friction head losses 

If0o , Zp, Zix:, and Zt- are specified, the equations may be solved by selecting values of 
Ep^ and then solving for Hy^ and Hy^. When a solution is reached so that Eq. (2 + 3) is 
satisfied, Q i and may be computed. 

When demands are high, both the tank and the pump will supply the community. 
The direction of flow will then be reversed in the line from the tank to the pump and the 
applicable equation will be 

(1) 01 + 03 = Qu 

(2) Zp + Ep = Zic + ^/i 

(3) Zlc ^/4 “ 

Again, an assumed value for Ep will be taken and trial solutions carried out until Eq. (1) 
is satisfied. Note that the foregoing illustration is a simple case, since Zr has been speci¬ 
fied. Actually, since Zr fluctuates with time, it is necessary to have information on stor¬ 
age volume available versus water elevation in the tank so that at any specified condition 
of draft, the actual value for Zj can be determined and used in the computations. 

Water distribution systems generally are considered a composite of four basic con¬ 
stituents: the pipe network, the storage, the pump performance, and the pumping station 
and its suction source. These components must be integrated into a functioning system 
for various schedules of demand. A thorough analysis of each system must be made to 
ensure that it will operate satisfactorily under all anticipated combinations of demand 
and hydraulic component characteristics. The system may work well under one set of 
conditions but will not necessarily be operable under some other set. A comprehensive 
system balance requires an hourly simulation of performance fqr the expected operating 
schedule [23,28]. 

There is an infinite number of possible arrangements of the basic components in a 
distribution system. The hydraulic analyses applicable to each system are, however, 
common to all and have been illustrated in detail in this chapter. 
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PUMPING 

Pumping equipment forms an important part of the transportation and distribution fa¬ 
cilities for water and wastes [26]. Requirements vary from small units used to pump 
only a few gallons per minute to large units capable of handling several hundred cubic 
feet per second. The two primary types of pumping equipment of interest here are the 
centrifugal pump and the displacement pump. Airlift pumps, jet pumps, and hydraulic 
rams are also used in special applications. In water and sewage works, the centrifugal 
pump finds the widest use. Centrifugal pumps have a rotating element (impeller) that 
imparts energy to the water. Displacement pumps are often of the reciprocating type, in 
which a piston draws water into a closed chamber and then expels it under pressure. 
Reciprocating pumps are widely used to handle sludge in sewage treatment works. 

Electric power is the primary source of energy for driving pumping equipment, but 
gasoline, steam, and diesel power are also used. Often a standby engine powered by one 
of these other forms is included in primary pumping stations to operate in emergency 
situations when electric power fails. 

5.9 Pumping Head 

Anticipated operating conditions of the system must be known in order to design a 
pumping station effectively [29]. A knowledge of the total dynamic head (TDH) against 
which the pump must operate is needed. The TDH is composed of the difference in 
elevation between the pump centerline and the elevation to which the water is to be 
raised, the difference in elevation between the level of the suction pool and the pump 
centerline, the frictional losses encountered in the pump, pipe, valves and fittings, and 
the velocity head. Expressed in equation form, this becomes 

TDH = Hl + Hi. + Hy (5.66) 

where is the total static head or elevation difference between the pumping source and 
the point of delivery, is the total friction head loss, and Hy is the velocity head V^/2g. 
Figure 5.31 illustrates the total static head. 



Figure 5.31 Total static head: (a) Intake below the pump centerline, (b) Intake 
above the pump centerline. 
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5.10 Power 

For a known discharge and total pump lift, the theoretical horsepower required may be 
found by using 

hp = QyHI55Q (5.67) 

where 

Q = discharge, cfs 
y = specific weight of water 
H = total dynamic head 

550 = conversion from foot-pounds per second to horsepower 

The actual horsepower required is obtained by dividing the theoretical horsepower by 
the efficiency of the pump and driving unit. 


5.11 Cavitation 

Cavitation is the phenomenon of cavity formation or the formation and collapse of cavi¬ 
ties [30]. Cavities develop when the absolute pressure in a liquid reaches the vapor 
pressure related to the liquid temperature. Under severe conditions, cavitation can result 
in breakdown of pumping equipment. As the net positive suction head (NPSH) for a 
pump is reduced, a point is reached where cavitation becomes detrimental. This point is 
usually referred to as the minimum net positive suction head (NPSH„un) and is a function 
of the type of pump and the discharge through the pump. NPSH is calculated as 

NPSH = ^ ^ ^ (5.68) 

2g y y 

where Vi is the velocity of flow at the centerline of the inlet to the pump, is the 
pressure at the centerline of the pump inlet, and is the vapor pressure of the fluid. 
Referring to Fig. 5.31a and writing the energy equation between the intake pool and the 
inlet to the pump, we have 

y 2g y 
or 

_ Z _ ft, = ^ + Pi 
y 2g y 

where Pa is atmospheric pressure and hi is the head loss in the intake. 

Subtracting pjy from both sides, we have 

y y 2g y y 

This may be written 

= NPSH 

y 7 

The minimum value of the static lift is then determined as 


z™, = ^ - - - NPSH.., - K 

7 


(5.69) 
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The required NPSH for any pump must be obtained from the manufacturer. This 
value can then be checked against the proposed installation using Eqs. (5.68) and (5.69) 
to ensure that the available NPSH is greater than the manufacturer’s requirement. 


5.12 System Head 

The system head is represented by a plot of TDH versus discharge for the system being 
studied. Such plots are very useful in selecting pumping units [31]. It should be clear 
that the system head curve will vary with flow since Hp and Hy are both a function of 
discharge. In addition, the static head may vary as a result of fluctuating water levels 
and similar factors, and it is often necessary to plot system head curves covering the 
range of variations in static head. Figure 5.32 illustrates typical system head curves for 
a fluctuating static water level. 


5.13 Pump Characteristics 

Each pump has its own characteristics relative to power requirements, efficiency, and 
head developed as a function of flow rate. These relationships are usually given as a set 
of pump characteristic curves for a specified speed. They are used in conjunction with 
system head curves to select correct pumping equipment for a particular installation. A 
set of characteristic curves is shown in Fig. 5.33. 

At no flow, the head is known as the shutoff head. The pump head may rise slightly 
or fall from the shutoff value as discharge increases. Ultimately, however, the head for 
any centrifugal pump will fall with increase in flow. At maximum efficiency, the dis- 



Pumping rate (gpm) 

. Figure 5.32 System head curves for a fluctuating static pumping head. 
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Figure 5.33 Typical pump characteristic curves. 


charge is known as the normal or rated discharge of the pump. Varying the pump dis¬ 
charge by throttling will lower the efficiency of the unit. By changing the speed of the 
pump, discharge can be varied within a certain range without a loss of efficiency. The 
most practical and efficient approach to a variable-flow problem is to provide two or 
more pumps in parallel so that the flow may be carried at close to the peak efficiency of 
the units operating. 

The normal range of efficiencies for centrifugal pumps is between 50% and 85%, 
although efficiencies in excess of 90% have been reported. Pump efficiency usually in¬ 
creases with the size and capacity of the pump [30]. 


5.14 Selection of Pumping Units 

Normally the engineer is given the system head characteristics and is required to find a 
pump or pumps to deliver the anticipated flows. This is done by plotting the system head 
curve on a sheet with the pump characteristic curves. The operating point is at the inter¬ 
section of the system head curve and the pump head capacity curve. This gives the head 
and flow at which the pump will be operating. A pump should be selected so that the 
operating point is also as close as possible to peak efficiency. This procedure is shown 
in Fig. 5.34. 

Pumps may be connected in series or in parallel. For series operation at a given 
capacity, the total head equals the sum of the heads added by each pump. For parallel 
operation, the total discharge is multiplied by the number of pumps for a given head. It 
should be noted, however, that when two pumps are used in series or parallel, neither 
the head nor capacity for a given system head curve is doubled (Fig. 5.34). 
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Figure 5.34 Characteristic curves for (a) Series, (b) Parallel pump operations of 
equal pumps. 

■ EXAMPLE 5.8 A pumping station is to be designed for an ultimate capacity of 
1200 gpm at a total head of 80 ft. The present requirements are that the station deliver 
750 gpm at a total head of 60 ft. One pump will be required as a standby. 

Solution: The total curve for dynamic head versus discharge is plotted as shown in 
Fig. 5.35. Values for the curve are obtained as indicated in Section 5.9. 

Consider that three pumps will ultimately be needed (one as a standby). Determine 
the design flows as follows: 

1. Two pumps at 1200 gpm at 80 ft of TDH 

2. One pump at 1200/2 = 600 gpm at 80 ft of TDH 

3. One pump must also be able to meet the present requirements of 750 gpm at 60 ft 
of TDH. 

From manufacturers’ catalogs, two pumps, A and B, are found that will meet the 
specifications. The characteristic curves for each pump are shown in Fig. 5.35. The 
intersection of the characteristic curves with the system head curve indicates that 
pump A can deliver 750 gpm at a TDH of 60 ft while pump B can deliver 790 gpm at a 
TDH of 62 ft. A check of the efficiency curves for each pump indicates that pump B 
will deliver the present flow at a much greater efficiency than pump A. Therefore, select 
pump B. 

For the present, select two pumps of type B and use one as a standby. For the future, 
add one more pump of type B. • 

Operating characteristics for a wide range of pump sizes and speeds are available 
from pump manufacturers. Special equipment manufactured to satisfy the prescribed 
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Flow {gpm X 10 

Figure 5.35 Solution to Example 5.8. 


requirements of the customer must customarily satisfy an acceptance test after it has 
been installed. 


Problems 

5.1. Given a V-shaped channel with a bottom slope of 0.001, a top width of 10 ft, 
and a depth of 5 ft, determine the velocity of flow. Find the discharge in cfs 
and m Vs. 

5.2. A trapezoidal channel measures 3 m across the top and 1 m across the bottom. 
The depth of flow is 1.5 m. For 5 = 0.005 and n = 0.012, determine the velocity 
and rate of flow. 

5.3. Given an 18-in. concrete conduit with a roughness coefficient of n = 0.013, j = 
0 .02, and a discharge capacity of 15 cfs, what diameter pipe is required to qua¬ 
druple the capacity? 

5.4. Find the dimensions of a rectangular concrete channel to carry a flow of 150 m Vs, 
with a bottom slope of 0.015 and a mean velocity of 10.2 m/s. 

5.5. Determine the head loss in a 46-cm concrete pipe with an average velocity of 
flow of 1,0 m/s and a length of 30 m. 

5.6. Find the discharge from a full-flowing cast-iron pipe 24 in. in diameter having a 
slope of 0.004. 
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5.7. Refer to the figure and assume that reservoirs A, B, and C have water surface 
elevations of 150 ft, 90 ft, and 40 ft, respectively, and are connected by a system 
of concrete pipes of lengths Li = 2400 ft, L 2 = 1500 ft, and L? = 5500 ft with 
respective diameters of 8, 12, and 21 in. Find the discharge in each pipe and the 
elevation of the hydraulic gradient at P. 



5.8. Three reservoirs A, B, and C are connected by a branching cast-iron pipe system. 
If the pipe lengths are L, = 3000 ft, L 2 = 2200 ft, and — 1600 ft, the respec¬ 
tive pipe diameters are 15, 10, and 18 in., and the surface water elevations of two 
of the three reservoirs are A = 125 ft and B = 55 ft, find the surface water 
elevation of reservoir C. Assume that the flow to reservoir C is 15 cfs. 

5.9. Solve Prob. 5.8 by assuming that the flow in pipe 3 is from reservoir C rather 
than to reservoir C. 

5.10. Three riveted steel pipes are connected in series, with the flow through the sys¬ 
tem being 1.2 mVs. Find the total head loss if the pipe diameters and lengths are 
D, = 60 om, Dn = 40 cm, and D, = 54 cm, L, = 400 m, L 2 = 450 m, andL 3 = 
750 m. Assume the friction factor/ = 0.0125. 

5.11. Given the same lengths and diameters of the pipes in series as in Prob. 5.10, 
determine the total flow if the system head loss is 60 m. 

5.12. Consider the pipe system in the figure. If the flow in BCD is 6 cfs, find (a) the 
flow in BED, (b) the total flow, and (c) a length of 16-in. pipe equivalent to the 
two parallel pipes. 



5.13. A flow of 1.1 mVs is divided into three parallel pipes of diameters 30, 20, and 
45 cm and lengths of 30, 40, and 25 m, respectively. Find the head loss and 
distribution of flow. Assume/ = 0.015. 
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5.14. If a system of parallel pipes has diameters of 18, 8, and 21 in. and lengths of 50, 
95, and 60 ft, respectively, find the total flow in the system. Assume/ = 0.024 
and the total head loss is 45 ft. 

5.15. From the given layout, determine the length of an equivalent 15-cm pipe. 

^ 600 m ® 1200 m ^ 550 m ^ 

• “ - • - • -• 

10 cm 5 cm 6 cm 

5.16. For the pipe layout in Prob. 5.15, find the diameter of an equivalent 1000-m pipe. 

5.17. For the pipe network shown, determine the direction and magnitude of flow in 
each pipe. Assume C = 100. Solve using a spreadsheet, EPANET, or another 
suitable method. 


3.5 ft^/s 



15ftV. 2.0 ft Vs 

5.18. Water is pumped 9 mi from a reservoir at elevation 100 ft to a second reservoir 
at elevation 210 ft. The pipeline connecting the reservoirs is 54 in. in diameter. 
It is concrete and has an absolute roughness of 0.003. If the flow is 25 mgd and 
pumping station efficiency is 80%, what will be the monthly power bill if elec¬ 
tricity costs 3 cents/kWh? 

5.19. A reservoir at elevation 700 ft is to supply a second reservoir at elevation 460 ft. 
The reservoirs are connected by 1300 ft of 24-in. cast-iron pipe and 2000 ft of 
20-in. cast-iron pipe in series. What will be the discharge delivered from the 
upper reservoir to the lower one? 

5.20. Consider that the water needs of a city for the next 40 yr may be met by con¬ 
structing a single 10-in. main for the first 15 yr followed by a second 10-in. main 
for the next 25 yr. At this time both mains will be in service. An alternative 
solution is to build one 18-in. line that will serve the entire 40-yr period. Con¬ 
sider that the cost per foot installed is $20 for the first 10-in. line, $26 for the 
next 10-in. line, and $31 for the 18-in. line. The combined interest and amorti¬ 
zation rate is 7.0% per year. Find the most economical method of meeting the 
community’s water requirements. 


5.21. Solve Example 5.5 using EPANET. 
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5.22. Refer lo the figure and tables below and analyze the network using EPANET and 
metric units. 


9 Reservoir 



Node 

ID 

Elevation 

m 

Demand 

L/s 

1 

30 

0 

2 

30 

0 

3 

30 

14.2 

4 

30 

0 

5 

30 

0 

6 

30 

14.2 

7 

30 

56.6 

8 

30 

0 


Pipe 

ID 

Head 

node 

Tail 

node 

Length 

m 

Diameter 

m 

Roughness 

coefficient 

1 

1 

4 

1829 



2 

1 

2 

914 

250 

120 

3 

2 

5 

1829 

410 

120 

4 

2 

3 

762 

200 

120 

5 

3 

6 

1981 

200 

120 

6 

4 

5 

914 

150 

120 

7 

5 

6 

610 

200 

120 

8 

4 

7 

1829 

300 

120 

9 

5 

8 

1981 

200 

120 

10 

7 

8 

610 

200 

120 

11 

9 

1 

61 

460 

120 
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5.23. It is necessary to pump 6000 gpm of water from a reservoir at an elevation of 
900 ft to a tank whose bottom is at an elevation of 1100 ft. The pumping unit is 
located at elevation 900. The suction pipe is 24 in. in diameter and very short, 
so head losses may be neglected. The pipeline from the pump to the upper tank 
is 410 ft long and is 20 in. in diameter. Consider that minor losses in the line 
equal 2.5 ft of water. The maximum depth of water in the tank is 38 ft, and the 
supply lines are cast iron. Find the maximum lift of the pump and the horsepower 
required for pumping if the pump efficiency is 76%. 

5.24. If a flow of 5.0 cfs is to be carried by an 11,000-ft cast-iron pipeline without 
exceeding a head loss of 137 ft, what must the pipe diameter be? 

5.25. A 48-in. water main carries 79 cfs and branches into two pipes at point A. The 
branching pipes are 36 and 20 in. in diameter and 2800 and 5000 ft long, respec¬ 
tively. These pipes rejoin at point B and again form a single 48-in. pipe. If the 
friction factor is 0.022 for the 36-in. pipe and 0.024 for the 20-in. pipe, what will 
the discharge be in each branch? 

5.26. Water is pumped from a reservoir whose surface elevation is 1390 ft to a second 
reservoir whose surface elevation is 1475 ft. The connecting pipeline is 4500 ft 
long and 12 in. in diameter. If the pressure during pumping is 80 psi at a point 
midway on the pipe at elevation 1320 ft, find the rate of flow and the power 
exerted by the pumps. Also, plot the hydraulic grade line. Assume that/ = 0.022. 

5.27. A concrete channel 18 ft wide at the bottom is constructed with side slopes of 
2.2 horizontal to 1 vertical. The slope of the energy gradient is 1 in 1400 and the 
depth of flow is 4.0 ft. Find the velocity and the discharge. 

5.28. A rectangular channel is to carry 200 cfs. The mean velocity must be greater 
than 2.5 fps. The channel bottom width should be about twice the channel depth. 
Find the channel cross section and the required channel slope. 

5.29. A rectangular channel carries a flow of 10 cfs/ft of width. Plot a curve of specific 
energy versus depth. Compute the minimum value of specific energy and the 
critical depth. What are the alternative depths for Es = 5.0? 

5.30. Determine an equivalent pipe for the system shown. 

e. 
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5.31. From the diagram, compute (a) the total head loss from A to C, (b) P„ if = 
25 psi, and (c) the flow in each line. 



5.32. Given the pipe layout shown, determine the length of an equivalent 18-in. pipe. 

-► Q 

^ 4000ft ^ _ 1800 ft _^ 2000 ft ^ 

A 24 in B 14 in C 12 in d 

5.33. Given the following average hourly demand rates in gallons per minute, find the 
uniform 24-hr pumping rate and the required storage. 


12 p.m. 

0 

12 a.m. 

6300 

1 a.m. 

1900 

1 p.m. 

6500 

2 

1800 

2 

6460 

3 

1795 

3 

6430 

4 

1700 

4 

6500 

5 

1800 

5 

6700 

6 

1910 

6 

7119 

7 

3200 

7 

9000 

8 

5000 

8 

8690 

9 

5650 

9 

5220 

10 

6000 

10 

2200 

11 

6210 

11 

2100 



12 

2000 


5.34. Solve Prob. 5.33 if the period of pumping is from 6 a.m. to 6 p.m. only. 

5.35. Solve Prob. 5.33 by the method outlined in Fig. 5.31, assuming 24-hr pumping. 

5.36. Use the data given in Prob. 5.20 and add a fire flow requirement of 4.7 mgd. 
Refer to Fig. 5.30 and assume that this flow requirement can be delivered to the 
city by the pumping station-tank system shown. The pipeline from the pumping 
station to the town is 30 in. in diameter and 5.6 mi long, and the pipeline from 
the town to the tank is 28 in. in diameter and 3.8 mi long. Elevations are 415 ft 




at the pump centerline, 570 ft at the ground surface in the town, 637 ft at the 
ground surface at the tank, and 700 ft at the bottom of the tank. The tank is 30 ft 
high and contains a total of 1.5 mil gal storage. Find the pressure in town during 
the peak average hour plus fire flow if the pumping station can maintain a maxi¬ 
mum pressure of 130 psi and the tank is half full. 

5.37. Determine the total dynamic head of a pumping system where the total static 
head is 50 ft, the total friction head loss is 5 ft, and the velocity head is 10 ft. 

5.38. Calculate the horsepower requirements for the system described in Prob. 5,37 if 
the flow is 25 cfs. 

5.39. Plot the system head and the pump characteristic data given. At what point 
should the pump operate? 

Total dynamic head (ft) 55 60 65 70 75 80 85 90 


Flow (gal/min) 

200 500 

700 850 

975 1075 1200 

Efficiency (%) 

Horsepower (hp) 

Total 
head (ft) 

Row (gal/min) 

22 

8 

95 

225 

37 

12 

93 

400 

49 

17 

90 

600 

57 

20 

87 

800 

63 

22 

84 

1000 

64 

23 

78 

1200 

62 

24 

72 

1400 

59 

25 

64 

1600 

54 

26 

49 

1800 
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6 _ 

Wastewater and 
Stormwater Systems 


Proiogire 

The purpose of this chapter is to: 

■ Review the principles of open-channel flow 

■ Illustrate the design of sanitary sewer systems 

■ Define urban runoff and present methods for calculating flows to 
storm drainage systems 


The collection and transportation of surface drainage, sewage, and other waste flows 
from residential, commercial, industrial, and rural sites pose problems different from 
those encountered in water supply. For example, sewage must be transported to treat¬ 
ment locations as quickly as possible to prevent the development of septic conditions. 
Furthermore, many waste flows contain solids that must be kept in suspension during 
transport periods. Most waste discharges exhibit fluctuations in time, but stormwater 
flows are especially subject to rapid rises and falls. Such temporal variations affect con¬ 
veyance designs and must be carefully considered in hydraulic calculations. The varying 
quality of waste flows also requires that the types of conveyances used and the materials 
of which they are constructed be given special attention. 


HYDRAULIC CONSIDERATIONS 

Wastewater systems are usually designed as open channels except where lift stations are 
required to overcome topographic barriers. The hydraulic problems associated with 
these flows are complicated in some cases by the quality of the fluid, the highly variable 
nature of the flows, and the fact that an unconfined or free surface exists. The driving 
force for open-channel flow is gravity. The forces retarding flow are derived from vis¬ 
cous shear along the channel bed. 
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6.1 Uniform Flow 

For the condition of uniform flow, the velocity in an open channel is usually determined 
by Manning’s equation. 


1.49 

V = -(6.1) 

n 

which was discussed in Chapter 5 [Eq. (5.3)]. Table 6.1 gives values of the roughness 
coefficient n for various materials used in open channels. Figure 6.1 is a nomograph that 
facilitates the solution of the equation for various values of n. 

For channels with distinct changes in roughness across the width of the cross sec¬ 
tion, such as a paved channel with grassy sides, it is common to subdivide the cross 
section according to roughness, compute flow velocity for each subsection, and then 
sum the flows. 


■ EXAMPLE 6.1 Determine the discharge of a trapezoidal channel having a brick 
bottom and grassy sides, with the following dimensions: depth - 6 ft, bottom width - 
12 ft, top width -18 ft. Assume S = 0.002. 


Table 6.1 Values of Manning’s Roughness Coefficient n 


NATURE OF SURFACE 

MANNING’S n RANGE 

Concrete pipe 

0.011-0.013 

Corrugated metal pipe 

0.019-0.030 

Vitrified clay pipe 

0.012-0.014 

Steel pipe 

0.009-0.011 

Monolithic concrete 

0.012-0.017 

Cement rubble 

0.017-0.025 

Brick 

0.014-0.017 

Laminated treated wood 

, 0.015-0.017 

Open channels: 

Lined with concrete 

0.013-0.022 

Earth, clean, after weathering 

0.018-0.020 

Earth, with grass and some weeds 

0.025-0.030 

Excavated in rock, smooth 

0.035 -0.040 

Excavated in rock, jagged and irregular 

0.040-0.045 

Natural stream channels: 

No boulders or brush 

0.028-0.033 

Dense growth of weeds 

0.035 -0.050 

Bottom of cobbles with large boulders 

0.050-0.070 


Source: Design Charts for Open-Channel Flow. U.S. Department of Transportation, 
Federal Highway Adminstration, Hydraulic Design Series No. 3, U.S. Government 
Printing Office, Washington, D.C., 1961. 






Discharge, in milium gallons per day 
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Example 

Given: C=lOcfs, 
d = \ S\n, 
n =0.013 


Find: 


V.5 

V' = 5.7fps 
5 = 0.0085 

Figure 6.1 Nomograph based on Manning’s formula for circular pipes 
flowing full. 


Solution: 

1. Using Eq, (6.1) and noting that Q = AV, calculate the discharge for the portion 
of flow in the rectangular subsection. From Table 6.1, choose n = 0.017. 

R = (6)(12)/(12) = 6.0 ft 

Q = (1.49/0.017)(72)(6)2'3(0.002)i'2 = 930.75 cfs 
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2. Calculate the discharge for the portion of flow in the grassy subsections of the 
channel. From Table 6.1, choose n = 0.025. Then for each side 

A = (0.3)(3)(6) = 9 fF 

/? = 9/4 = 1.35 ft 


For both sides, 

Q = 2[(1.49/0.025)(9)(1.35)^2(0.002)''2] = 58.59 cfs 
3. The total discharge for the channel is thus 

Q = 930.75 + 58.59 = 989.34 cfs ■ 

For open channels consisting of circular pipes, or tunnels flowing partly full, cal¬ 
culation of hydraulic radius and cross-sectional area of flow can be cumbersome. Fig¬ 
ure 6.2 facilitates these calculations by showing the relation between the hydraulic 
elements of a circular pipe, which allows the conditions of a pipe flowing partly full to 
be calculated from the conditions of the full-flowing pipe. 

■ EXAMPLE 6.2 Given a discharge flowing full of 16 cfs and a velocity of 8 fps, find 
the velocity and depth of flow when 0 = 10 cfs. 

Solution: Enter at 10/16 = 62.5% of value for full section. Obtain a depth of flow of 
57.5% of full-flow depth and a velocity of 1.05 X 8 = 8.4 fps. ■ 



Figure 6.2 Hydraulic elements of a circular section for constant n. 
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The depth at which uniform flow occurs in an open channel is termed the normal 
depth d„. This depth can be computed by using Manning’s equation for discharge after 
the cross-sectional area A and the hydraulic radius R have been translated into functions 
of depth. The solution for d^ is often obtained through trial and error. 

For a specified channel cross section and discharge, there are three possible values 
for the normal depth, all dependent on the channel slope. Uniform flow for a given 
discharge may occur at critical depth, at less than critical depth, or at greater than critical 
depth. Critical depth occurs when the specific energy is a minimum. Specific energy is 
defined as 


where 



d = depth of flow 
V = mean velocity 


( 6 . 2 ) 


Flow at critical depth is highly unstable, and designs indicating flow at or near critical 
depth are to be avoided. For any value of above the minimum, two alternative depths 
of flow are possible. One is greater than critical depth, the other less than critical depth. 
The former case indicates subcritical flow, the latter supercritical flow. The critical depth 
for a channel can be found by taking the derivative of Eq. (6.2) with respect to depth, 
setting this equal to zero, and solving for dc . For mild slopes, the normal depth is greater 
than dc and subcritical flow prevails. On steep slopes, the normal depth is less than the 
critical depth and flow is supercritical. Once the critical depth has been computed, criti¬ 
cal velocity is easily obtained. The critical velocity for a channel of any cross section 
can be shown to be 



where 

Vc = critical velocity 
A = cross-sectional area of the channel 
B = width of the channel at the water surface 


The critical slope can then be found by using Manning’s equation. 

In practice, uniform flows are encountered only in long channels after a transition 
from nonuniform conditions. Nevertheless, a knowledge of uniform-flow hydraulics is 
extremely important, as numerous varied flow problems are solved through partial ap¬ 
plications of uniform-flow theory. A basic assumption in gradually varied flow analyses, 
for example, is that energy losses are considered the same as for uniform flow at the 
average depth between two sections along the channel that are closely spaced. 


6.2 Gradually Varied Flow and Surface Profiles 

Gradually varied flow results from gradual changes in depth that take place over rela¬ 
tively long reaches of a channel. Abrupt changes in the flow regime are classified as 
rapidly varied flow. Problems in gradually varied, flow are widespread and represent the 
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majority of flows in natural open channels and many of the flows in man-made channels. 
They can be caused by such factors as change in channel slope, cross-sectional area, or 
roughness or by obstructions to flow, such as dams, gates, culverts, and bridges. The 
pressure distribution in gradually varied flow is hydrostatic and the streamlines are con¬ 
sidered approximately parallel. 

The significance of gradually varied flow problems may be illustrated by consider¬ 
ing the following case. Assume that the maximum design flow for a uniform rectangular 
canal will occur at a depth of 8 ft under uniform-flow conditions. For these circum¬ 
stances, the requisite canal depth, including 1 ft of freeboard, will be 9 ft. Now consider 
that a gate is placed at the lower end of this canal. Assume that at maximum flow the 
depth inunediately upstream from the gate will have to be 12 ft in order to produce the 
required flow through the gate. The depth of flow will then begin decreasing gradually 
in an upstream direction and approach the uniform depth of 8 ft. Obviously, unless the 
depth of flow is known all along the channel, the channel depth cannot be designed. 

Determination of the water-surface profile for a given discharge in an open channel 
is important in solving many engineering problems. There are 12 classifications of 
water-surface profiles, or backwater curves [1]. Figure 6.3 illustrates several of these 
and also a typical change that might take place in the transition from one type of flow 
regime to another. For any channel, the applicable backwater curve will be a function of 
the relationship between the actual depth of flow and the normal and critical depths of 
the channel. Often it is helpful to sketch the type curves for a given problem before 
attempting an actual solution. In doing this, the type curves given in Fig. 6.3 are useful. 
Additional type curves are presented by Woodward and Posey [1]. 
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Total head 



Flgijre 6.4 Definition sketch for the direct-step method of computing 
backwater curves. 


Numerous procedures have been proposed for computing backwater curves. The 
one to be discussed here is known as the direct-step method. Referring to Fig. 6.4, the 
energy equation may be written as 


Z 


I 


y? 

-f d] ~ = ^2-1" 

2g 



W/ 


A rearrangement of this equation yields 


or 

so 


where 




= z; - H, 


£2 - Fi = S,.L - SeL 


L = 



£ 2 , El = values of specific energy at sections 1 and 2 
Sf = slope of the channel bottom 
Sg = slope of the energy gradient 


(6.4) 


The value of 5, is obtained by assuming that (1) the actual energy gradient is the same 
as that obtained for uniform flow at a Velocity equal to the average of the velocities at 
sections 1 and 2 (this can be found using Manning’s equation) or (2) the slope of the 
energy gradient is equal to the mean of the slopes of the energy gradients for uniform 
flow at the two sections. The procedure in using Eq. (6.4) is to select some string point 
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where the depth of flow is known. A second depth is then selected in an upstream or 
downstream direction, and the distance from the known depth to this point is computed. 
Then, using the second depth as a reference, a third is selected and another length incre¬ 
ment calculated, and so on. The results obtained will be reasonably accurate provided 
the selected depth increments are small, since the energy-loss assumptions are fairly 
accurate under these conditions. 


■ EXAMPLE 6.3 Water flows in a rectangular concrete channel 10 ft wide, 8 ft deep, 
and inclined at a grade of 0.10%. The channel carries a flow of 245 cfs and has a 
roughness coefficient n of 0.013. At the intersection of this channel with a canal, the 
depth of flow is 7.5 ft. Find the distance upstream to a point where normal depth 
prevails, and determine the surface profile. 

Solution: Using Manning’s equation and the given value of discharge, the normal 
depth is found to be 4 ft. Critical depth y, is determined by solving Eq. (6.3) after 
rearranging and substituting bVr for A and b for B, where b equals the width of the 
rectangular channel. 

Then 



Substituting the given values for Q and b yields 


and 


3 ^^ =. 


(245)^ 


32.2 X (10)^ 
y, = 2.65 ft 


(6.5) 


Since y > y„ > y^, an Ml profile will depict the water surface. The calculations then 
follow the procedure indicated in Table 6.2. 

The distance upstream from the junction to the point of normal depth is 6788 ft. 
The surface profile can be plotted by using the values in Table 6.2 for y and AL. In 
practice, greater accuracy could be obtained by using smaller depth increments, such as 
0.25 ft, but the computational procedure would be the same. ■ 
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6.3 Velocity Considerations 


Both maximum and minimum velocities are prescribed for water transportation systems. 
Minimum velocities are set to ensure that suspended matter does not settle out in the 
conduit, while maximum velocities are set to prevent erosion of the channel material. 

Normally, velocities in excess of 20 fps are to be avoided in concrete or tile sewers, 
and whenever possible velocities of 10 fps or less should be used. Specially lined inverts 
(pipe bottoms) are sometimes employed to combat channel erosion. The average value 
of the channel shearing stress is related to both erosion and sediihent deposition. 

Using the Chezy equation for velocity. Fair and Geyer [2] have shown that the 
minimum velocity for self-cleansing V„ can be determined according to 


= C 


K{y, - y) 


( 6 . 6 ) 


where y, is the specific weight of the particles, y is the specific weight of water, d is the 
particle diameter, and C is the Ch6zy coefficient (equal to 1.49i?’'Vn as evaluated by 
Manning). The value of C is selected with consideration given to the containment of 
solids in the flow. The value of K must be found experimentally and appears to range 
from 0.04 for the initiation of scour to more than 0.8 for effective cleansing [2]. 

If nonflocculating particles have mean diameters between 0.05 and 0.5 mm, the 
minimum velocity may be determined [3] using 


where 


25.3 X 10-3 


dip, - p) 



(6.7) 


= minimum velocity, fps 
d = mean particle diameter, ft 
D = pipe diameter, ft 

p„ — mean mass density of the suspension, pcf 
p, = particle density, pcf 
pL„ = viscosity of the suspension, Ibm/ft’S 
p = liquid mass density, pcf 


The value of p„, may be determined using 

p„ = X,p, + (1 - XJp 


( 6 . 8 ) 


where X, is the volumetric fraction of the suspended solids. Ordinarily, minimum ve¬ 
locities are 2 and 3 fps for sanitary sewers and storm drains, respectively. 


DESIGN OF SANITARY SEWERS 

The design of sanitary sewers involves (1) the application of the principles given in 
Chapter 4 to the estimation of design flows and (2) the application of hydraulic engi¬ 
neering principles to devise appropriate conveyances for transporting these flows [2,4, 
5]. Most sewers are designed for a capacity life of 25-50 yr. These conveyances must 
be capable of handling peak and mininium flows without the deposition of suspended 
solids. In general, circular sanitary sewers are designed to flow at between one-half and 
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Table 6.3 Slopes Required to Maintain 
Velocities of 2 ft/sec° 


Q (CFS) 

SLOPE (FT/1000) 

0.1 

9.2 

0.2 

6.1 

0.3 

4.8 

0.4 

4.1 

0.6 

3.22 

0.8 

2.73 

1.0 

2.39 

1.5 

1.89 

2.0 

1.59 

3.0 

1.26 

4.0 

1.06 


'■For circular pipes where the flow is not less than 0.1 % and 
not more than 95% of capacity [6]. 


full depth when carrying their design discharges. Ordinarily they should not be designed 
to run full since some airspace is desirable for ventilation and suppression of sulfide 
generation. Sewers at system extremities should be designed to flow about half full at 
peak flow. Large interceptor and trunk sewers are less subject to flow variations than are 
small collecting sewers, and greater depths of flow are justified for them. Gupta notes 
that pipes up to 16 in. (400 mm) in diameter are usually designed to flow half full; those 
between 16 and 35 in. (900 mm) to flow two-thirds full; and larger pipes are usually 
designed to flow at three-quarters to full depth [4]. Once the flow the sewer must carry 
has been determined, a pipe size and slope must be established. Since sewers are com¬ 
monly located beneath roads and streets, their slopes are generally made to conform to 
street slopes. This practice also tends to minimize excavation costs. Where street slopes 
do not permit generating minimum carrying velocities (2 ft/s), sewer grades are set 
accordingly. Table 6.3 summarizes minimum slopes for a range of flow values. In cul- 
de-sacs and other short dead-end street sections, the designer will often find it impos¬ 
sible to meet minimum velocity requirements. Such pipes may require periodic flushing 
to scour accumulated sediments. 


6.4 House and Building Connections 

Connections from the main sewer to houses or other buildings are commonly con¬ 
structed of vitrified clay, concrete, or asbestos cement pipe. Building connections are 
usually made on about a 2% grade with 6-in. or larger pipe. Grades less than 1% are to 
be avoided, as are extremely sharp grades. 


6.5 Collecting Sewers 

Collecting sewers gather flows from individual buildings and transport the material to 
an interceptor or main sewer. Local standards usually dictate the location of these sew¬ 
ers, but they are commonly located under the street paving on one side of the storm 
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drain, which is usually centered. The collecting sewer should be capable of conveying 
the flow of the present and anticipated population of the area it is to serve. Design flows 
are the sum of the peak domestic, commercial, and industrial flows and infiltration. The 
collecting sewer must transport this design flow when flowing full. Grades requiring 
minimum excavation while maximum and minimum restrictions on velocity are satis¬ 
fied are best. Manholes are normally located at changes in direction, grade, or pipe size 
or at intersections of collecting sewers. For 8-, 10-, or 12-in. sewers, manholes spaced 
no farther-than about 400 ft apart permit inspection and cleaning when necessary. For 
larger sizes, the maximum spacing can be increased. The minimum size pipe allowed 
by most codes is 8 in. Note that where changes in sewer direction occur and/or where 
flows combine, usually at manholes, head losses occur. When flow velocities are in the 
usual range for sewers, a drop of about 0.1 ft or 30 mm across a manhole is usually 
sufficient to account for this (Fig. 6.5). For large sewers such as interceptors and trunks, 
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Figure 6.5 Typical sewer plan and profile. 
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head losses may require greater adjustments (see Section 6.21 on urban drainage de¬ 
sign). At junctions where sewer size increases, common practice is to keep the crowns 
of the incoming and outgoing pipes, or the 0.8 depth points of these pipes, at the same 
elevation. A typical plan and profile of a residential sewer are given in Fig. 6.5. 


6.6 Intercepting Sewers 

Intercepting sewers are expected to carry flows from the collector sewers in the drainage 
basin to the point of treatment or disposal of the wastewater. These sewers normally 
follow valleys or natural streambeds of the drainage area. When the sewer is built 
through underdeveloped areas, precaution should be taken to ensure the proper location 
of manholes for future connections. For 15- to 27-in. sewers, manholes are constructed 
at least every 600 ft; for larger sewers, increased spacing is common. Manholes or other 
transition structures are usually built at every change in pipe size, grade, or alignment. 
For large sewers, horizontal or vertical curves are sometimes constmcted. Grades should 
be designed so that the criteria regarding maximum and minimum velocities are satisfied. 

6.7 Materials 

Collecting and intercepting sewers are constmcted of asbestos cement sewer pipe, cast- 
iron pipe, concrete pipe, vitrified clay pipe, brick, plastic or PVC, and bituminized fiber 
pipe. Care should be exercised in designing the system so that permissible stmctural 
loadings are not exceeded for the material selected. Information on pipe loading is 
readily available from the Clay Products Association, the Portland Cement Association, 
the Cast Iron Pipe Manufacturers, and others. 


6.8 System Layout 

The first step in designing a sewerage system is to establish an overall system layout that 
includes a plan of the area to be sewered, showing roads, streets, buildings, other utili¬ 
ties, topography, soil type, and the cellar or lowest floor elevation of all buildings to be 
drained. Where part of the drainage area to be served is undeveloped and proposed 
development plans are not yet available, care must be taken to provide adequate terminal 
manholes that can later be connected to the constmcted system serving the area. If the 
proposed sewer connects to an existing one, an accurate location of the existing terminal 
manhole, giving invert elevation, size, and slope, is essential. 

On the drainage area plan just described, a tentative layout of collecting sewers and 
the intercepting sewer or sewers should be made. When feasible, the sewer location 
should minimize the length required to provide service to the entire area. Length may 
be sacrificed if the shorter mns would require costlier excavation. Normally, the sewer 
slope should follow the ground surface so that waste flows can follow the approximate 
path of the area’s surface drainage. In some instances, it may be necessary to lay the 
sewer slope in opposition to the surface slope, or to pump wastes across a drainage 
divide. This situation cem occur when a developer buys land lying in two adjacent drain- 
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age basins and, for economic or other reasons, must sewer the whole tract through only 
one basin. 

Intercepting sewers or trunk lines are located to pass through the lowest point in the 
drainage area (the outlet) and to extend through the entire area to the drainage divide. 
Normally, they follow major natural drainage ways and are located in a designated right- 
of-way or street. Land slopes on both sides should be toward the intercepting sewer. 
Lateral or collecting sewers are connected to the intercepting sewer and proceed upslope 
to the drainage divide. Collecting sewers should be located in all streets or rights-of-way 
within the area to provide service throughout the drainage basin. Figure 6.6 illustrates-a 
typical sewer layout. Note that the interceptor sewer is located in the stream valley and 
collector sewers transport flows from the various tributary areas to the interceptor. 

A general guideline for sewer system layout and design has been proposed by 
Thackston. Basic steps include the following [7]: 

1. Obtain or develop a topographic map of the area to be served. 

2. Locate the drainage outlet. This is usually near the lowest point in the area and is 
often along a stream or drainage way. 

3. Sketch in a preliminary pipe system to serve all of the contributors (Fig. 6.6). 

4. Pipes must be located so that all users or future users can readily tap on. They 
must also be located so as to provide access for maintenance and thus are ordi¬ 
narily placed in streets or other rights-of-way. 

5. Insofar as practical, sewers should follow natural drainage ways so as to minimize 
excavation and pumping requirements. Large trunk sewers are usually constructed 
in low-lying areas closely paralleling streams or channels. In general, pipes should 
cross contours at right angles. 

6. Establish preliminary pipe sizes. Eight inches (usually the minimum allowable) 
can serve several hundred residences even at minimal grades. 

7. Revise the layout so as to optimize flow-carrying capacity at minimum cost. Pipe 
lengths and sizes should be kept as small as possible, pipe slopes should be maxi¬ 
mized within tolerances for velocity, excavation depth should be minimized, and 
the number of appurtenances should be kept as small as possible. Traditional hy¬ 
draulic design procedures combined with the use of optimization techniques can 
be utilized in this process f8J. 

8. Try to avoid pumping across drainage boundaries. Pumping stations are costly 
and add maintenance problems. Furthermore, energy costs for pumping can be 
very significant. A balance must be made between excavation and pumping. While 
no hard-and-fast rule can be given, pumping should be considered only when 
excavations exceeding about 20-40 ft are contemplated. 

6.9 Hydraulic Design 
Open-Channel Flow 

The hydraulic design of a sanitary sewer can be carried out in a systematic manner. 
Figure 6.7 is typical of the way in which data can be organized to facilitate compu¬ 
tations. The essential elements of hydraulic design require that peak design flows be 
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Figure 6.6 Typical layout for the design of a sewerage system. 
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carried by the pipe at velocities great enough to prevent sedimentation, yet small enough 
to prevent erosion. To minimize head losses at transitions and eliminate backwater ef¬ 
fects, the hydraulic gradient must not change abruptly or slope in a direction adverse to 
the flow at changes in horizontal direction, pipe size, or quantity of flow. Sewers are 
usually designed to closely follow the grade of the ground surface or street paving under 
which they are laid. In addition, the depth of cover should be kept as close to the mini¬ 
mum (below the frost line) as effective hydraulic design will permit to minimize exca¬ 
vation costs. The sewer cannot conflict with other subsurface utilities or structures and 
cannot usually be laid in the same trench as a water main. 

Pipe sizes are determined in the following manner. A profile of the proposed sewer 
route is drawn and the hydraulic gradient at the downstream end of the sewer noted 
(normally the elevation of the hydraulic gradient of the sewer being met). Where dis¬ 
charge is to a treatment plant or an open body of water, the hydraulic gradient is the 
elevation of the free water surface at this point. At the beginning elevation of the hy¬ 
draulic gradient, a tentative gradient approximately following the ground surface is 
drawn upstream to the next point of control (usually a manhole). Exceptions to this 
occur when the surface slope is less than adequate to provide cleansing velocities, where 
obstructions preclude using this slope, or where adequate cover cannot be maintained. 
Using the tentative gradient slope, a pipe size is then selected that comes closest to 
carrying the design flow at the desired depth. Usually, a standard size pipe will not be 
found that will carry the flow at the exact depth and gradient investigated. It is common 
practice then to select the next largest pipe size, modify the slope, or both. The choice 
depends on a comparison of pipe cost savings versus excavation cost and on local con¬ 
ditions, such as the placement of other utilities in the right-of-way. But regardless of 
velocity and pipe size calculations, pipe diameter is never decreased on downstream 
reaches because this can lead to sediment accumulation and blockage at the point of 
reduction. 

Hydraulic computations using Manning’s equation [Eq. (6.1), Fig. 6.1] for full pipe 
flow are straightforward. Commonly, however, flow at less than full is encountered or de¬ 
sired in practice. In such cases, relationships involving geometric properties (Table 6.4) 
and hydraulic elements (Fig. 6.2) of circular sections facilitate calculations. Their use is 
illustrated in the following examples. 


■ EXAMPLE 6.4 Find the peak hourly flow in mgd and mVs for an 800-acre urban area 
having the following features: domestic flows 90 gpcd, commercial flows 15 gpcd, 
infiltration 600 gpd/acre, and population density 20 persons per acre. 

Solution: Calculate the average daily flows for each contributor. 

Domestic: 90 X 20 X 800 = 1.44 mgd 
Commercial: 15 X 20 X 800 = 0.24 mgd 
Infiltration: 600 X 800 = 0.48 mgd 

Total = 1.44 + 0.24 + 0.48 = 2.16 mgd 

Referring to Table 4.8, select a peak hour to average day ratio of 3.0. 

Peak hourly flow = 3.0 X 2.16 = 6.48 mgd 

= 6.48 X 0.044 = 0.29 mVs ■ 



6 9 Hydraulic Design 211 


Table 6,4 Geometric Relationships for 
Circular Pipes 


d/d„ 

R/d„, 

A/?2«/d8l3 

0.01 

0.0066 

0.0000 

0.05 

0.0326 

0.0015 

0.10 

0.0635 

0.0065 

0.15 

0.0929 

0.0152 

0.20 

0.1206 

0.0273 

0.25 

0.1466 

0.0427 

0.30 

0.1709 

0.0610 

0.35 

0.1935 

0.0820 

0.40 

0.2142 

0.1050 

0.45 

0.2331 

0.1298 

0.50 

0.2500 

0.1558 

0.55 

0.2649 

0.1825 

0.60 

0.2776 

0.2092 

0.65 

0.2881 

0.2358 

0.70 

0.2962 

0.2608 

0.75 

0.3017 

0.2840 

0.80 

0.3042 

0.3045 

0.85 

0.3033 

0.3212 

0.90 

0.2890 

0.3324 

0.95 

0.2864 

0.3349 

1.00 

0.2500 

0.3117 


d„ = full-flow depth 
d = actual depth of flow 
R = hydraulic radius 
A = area of flow 

■ EXAMPLE 6.5 A sewer with a flow of 10 cfs enters manhole 6. The distance 
downstream to manhole 7 is 400 ft. The finished street surface elevation at manhole 6 is 
166.3 ft and at manhole 7 it is 164.3 ft. Note that the crown of the pipe must be at least 
6 ft below the street surface at each manhole. For a Manning n = 0.013, find the required 
standard size pipe to carry the flow under (a) full flow and (b) one-half of full flow. The 
flow velocity must be at least 2 ft/s and must not exceed 10 ft/s. 

Solution: The fall of the sewer in 400 ft is 2 ft if the street grade is used as the slope. 
The initial assumption for S is 0.005 ft/1000. If this slope is not sufficient to sustain a 
velocity of 2 fps, it will be modified later. In like manner, if the calculated velocity 
exceeds 10 fps, the slope will have to be reduced. 

1. Using the nomograph in Fig. 6.1 and the values 2 = 10 and S = 0.005, we 
determine that a 21-in.-diameter pipe is required. This pipe will support a dis¬ 
charge somewhat higher than the design value of 10, but it is the closest standard 
size. The velocity associated with a 21-in. pipe flowing full at a slope of 0.005 
is between 4 and 5 fps and thus meets the design criteria. For full flow, the 
solution is to choose a 21-in. pipe laid at a slope of 0.5 ft/lOO ft 

2. For flow atd = 0.5d„, Manning’s equation. Fig. 6,2, and Table 6.4 are used. 
From Fig. 6.2, it can be seen that for half-full depth, the Velocity is the same as 
for full depth, and geometrically A and R are one-half their fiiU-depth values. 
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The pipe size for one-half flow is calculated from the equation 

Q = \A9lnAR^S^'^ 

by inserting known values for Q, n, and S. From Table 6.4, note that = 0.156 

for dld„ = 0.5, so the equation can be solved for d „: 

10 = (1.49/0.013)(0.156£/SP)(0.005)°5 
= 7.91 and d„ = 2.17 ft 

Select the closest standard pipe size of 27 in. diameter. 

From Fig. 6.1, it can be seen that for a 27-in. pipe laid at a slope of 0.005, the 
velocity at full flow (also at half flow) is 5.5 fps. This satisfies the specifications. 

The flow in the 27-in. pipe at half-full conditions is calculated to determine how 
close it comes to the design flow of 10 cfs: 

Q = (1.49/0.013)(0.156)(0.005)'>5(d„)8^3 

= 10.9 cfs 

Thus, the 27-in. pipe is flowing at slightly less than half depth under design conditions 
of Q = 10 cfs. For this pipe and slope, the full flow is 10.9 X 2 = 21.8 cfs. From Fig. 6.2 
with QIQm = 10/21.8, it can be seen that the actual flow depth under design conditions 
is about 0.48df„. ■ 

■ EXAMPLE 6.6 A sewer system is to be designed for the urban area of Fig. 6.8. Street 
elevations at manhole locations are shown on the figure. It has been determined that the 
population density is 40 persons per acre and that the sewage contribution per capita is 
100 gpd. In addition, there is an infiltration component of 600 gallons per acre per day 
(gpad). Local regulations require that no sewers be less than 8 in. in diameter. Assume 
an n value of 0.013. 

Solution: The design procedure follows a series of steps and the format of Tables 6.5 
and 6.6. 

1. Determine manhole locations. These are already indicated for the example in 
Fig. 6.8, but in practice they are determined on the basis of changes in direc¬ 
tion, junctions of pipes, and maximum lengths for various pipe sizes, as dis¬ 
cussed earlier. Pipe lengths are tabulated in colunm 3 of Table 6.5. 

2. Determine street elevations at manhole locations. These are given in Fig. 6.8, 
but they would be obtained from street profiles of the type shown in Fig. 6.5. 

3. Using the plan showing the location of manholes, determine the distance be¬ 
tween them. For the example, the lengths are given in column 3 of Table 6.5. 

4. Calculate the street slopes between manholes. This is done by taking the differ¬ 
ences in elevations between manholes and dividing them by the distances be¬ 
tween the manholes. For example, the slope between M-6 and M-5 is 

S = (112.19 - 109.23)/470 = 0.0063 ft/ft 

Calculated slopes are shown in column 5 of Table 6.6. 

5. Determine the size of contributing areas to the sewer segments. This is done by 
using finished-grade topography and knowledge of the building connection 
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Manhole Street El. 

1 101.3 

2 104.18 

3 105.33 

4 107 25 



schemes for contributing elements, such as houses, to the sewer segments. For 
the example, the contributing area boundaries are shown in Fig. 6.8, and the 
area sizes in acres, both incremental and cumulative, are tabulated in Table 6.5, 
columns 4-7. 

6. Calculate the flow per contributing acre for each of the 13 areas. In this ex¬ 
ample, the per-acre flows are all the same, but they can be highly variable. 
They are calculated by using procedures described in Section 4.8 and in Ex¬ 
ample 6.4. For this problem, the per-acre flows are calculated as follows: 

a. residential flow = (40 per/acre) X (100 gpcd) = 4000 gpad 

b. infiltration = 600 gpad 
avg. daily flow = 4600 gpad 

c. assuming the design flow = 3 X avg. daily flow, peak flow = 46(X) X 3 = 
13,800 gpad 

d. converting to mgd, the design flow per acre is 0.0138 mgd/a. This value is 
entered in column 8 of Table 6.5. 

7. Calculate the sewage flows in pipes. This is done by multiplying the number 
of contributing acres by 0.0138 (the per-acre contribution). The flows in mgd 
and cfs are shown in columns 9 and 10 of Table 6.5. Note that these calcula¬ 
tions are performed by the spreadsheet used in the example. Spreadsheets are 
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Table 6.6 Calculation of Pipe Sizes and Velocities for Example 6.6 
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excellent tools for solving problems of this type. In this case QUATTRO 
PRO 3.0 was used, but many other spreadsheet programs are available. 

8. Enter street slopes and minimum slopes for pipes in Table 6.6 (column 7). Note 
that the minimum slopes are estimated from values in Table 6.3. The initial 
design slope, adjusted later if need be, is the street slope unless that slope is 
less than the minimum slope required or other conditions make it necessary to 
assign a different grade. 

9. Calculate the pipe size required to handle the design flow under full-flow con¬ 
ditions. Calculations made in the spreadsheet use Manning’s equation with n = 
0.013. Computed diameters are given in column 8 of Table 6.6. Note that a pipe 
size of 8 in. (the minimum allowable) is assigned to a number of pipes without 
calculating a diameter. The reasoning for that assignment is as follows. A look 
at the design flows of column 4, Table 6.6 shows that many of them are small, 
less than 0.6 cfs. For these flows, the minimum design slope is 0.0073. From 
Manning’s nomograph. Fig. 6.1, it can be seen that an 8-in, pipe at a slope of 
0.0073 can carry a flow of about 1 cfs at a velocity of about 3 fps. Accordingly, 
It is clear that an 8-in. pipe will handle all flows up to 0.6 cfs for the slopes 
given. An 8-in. pipe is thus selected for these flows and tabulated in column 9 
of Table 6.6. 

The calculated pipe sizes (column 8, Table 6.6) are modified to the next 
largest standard pipe size or to a size that acconunodates the design flow at a 
desired depth. These selected sizes are entered in column 9 of Table 6.6. Note 
that for file range of pipe sizes encountered in this problem, a desirable depth 
of flow is normally from about half to three-fourths full. Many of the 8-in. 
pipes, because of the low flows carried, have design flow depths that are less 
than half the maximum depth. This cannot be avoided and does not create a 
problem as long as cleansing velocities are maintained. 

10. Calculate full flows for selected pipe sizes (column 10, Table 6,6). The design 
slope and a Manning’s n of 0.013 are used. 

11. Compute ratios of QlQf^ (column 11, Table 6.6). Using these values and en¬ 
tering Fig. 6.2, we determine dld^^ values and V/Vfuu values and enter them in 
columns 12 and 15 of Table 6.6. Multiplying the depth ratios by the full-flow 
depths for each pipe gives the flow depths for each pipe (column 13, Table 6.6). 

12. The fiill-flow velocity is calculated as QIA (column 14, Table 6.6). Multiplying 
the full-flow velocities by the velocity ratio gives the flow velocity for each 
pipe (column 16, Table 6.6). 

13. The calculated values of V are checked to see that they are at least 2 fps. All 

velocities agree except the velocity for pipe 16-17, 1.9 fps, but this value is 
considered close enough. Had the calculated value been much less, the design 
slope would have to be modified. ■ 

■ EXAMPLES.? Given an invert elevation of 105.19 for the pipe leaving'M-fi in 
Fig, 6.8, calculate the invert elevations in and out of M-5 and M-4. Use the slopes and 
pipe lengths given in Example 6.6. 

Solution: Calculations are as follows: 

105.19 — (0.0063)(470) = 102.23 invert at entrance to M-5 

102.23 — 0.1 = 102.13 drop across M-5 
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102.13 — (0.006)(330) = 100.15 invert at entrance to M-4 

100.15 - 0.25 = 99.9 invert out of M-4 

A drop across a manhole of 0.1 was applied where no change in pipe size occurred. 
At M-4, the upstream pipe is 12 in., and the downstream pipe is 15 in. In this case a 
drop of 15 - 12 = 3 in., or 0.25 ft, was used. The profile of Fig. 6.5 illustrates this 
process. ■ 

Pressure Flow 

Where pumping of sewage is required, force mains (pressure conduits) must be designed 
to carry the flows. The costs of pumping and associated equipment are important con¬ 
siderations. The hydraulics of these systems follows the principles already discussed. 
As in the case of open-channel sewers, pressure sewers must be able to transport sewage 
at velocities sufficient to avoid deposition and yet not so high as to create pipe erosion 
problems. Force mains are generally 8 in. in diameter or greater, but for small pumping 
stations, smaller pipes may sometimes be acceptable. According to Metcalf and Eddy, 
the following C values for use in the Hazen-Williams equation for calculating friction 
losses in force mains are valid [9]: 

100 for unlined cast-iron pipe 

120 for cement-lined cast-iron pipe, reinforced concrete pipe, asbestos-cement 
pipe, and plastic pipe 

110 for steel pipe having bituminous or cement-mortar lining and exceeding 20 in. 
in diameter 

Velocities encountered in force main operations are often in the range of 3-5 fps. In 
designing force mains, high points in lines should be avoided if possible. This eliminates 
the need for air-relief valves. Good design practice dictates that the hydraulic gradient 
should lie above the line at all points during periods of minimum-flow pumping. 


6.10 Protection Against Floodwaters 

Because the volume of sanitary wastewater is extremely small compared with flood 
flows, it is important that sewers be constructed to prevent admittance of large surface- 
mnoff volumes. This will preclude overloads on treatment plants with resultant reduc¬ 
tion in degree of treatment or complete elimination of treatment in some instances. 
Where interceptor sewers are built along streambeds, manhole stacks frequently are 
raised above a design flood level, such as the 50-yr level. In addition, the manhole struc¬ 
tures are waterproofed. Where stacks cannot be raised, watertight manhole covers are 
employed. Such measures as these keep surface drainage into the sewer at a minimum. 


6.11 Inverted Siphons 

An inverted siphon is a section of sewer constructed below the hydraulic gradient due 
to some obstmction; it operates under pressure. The term depressed sewer is actually 
more appropriate, since no real siphon action is involved. Usually, two or more pipes 
are needed for a siphon in order to handle flow variability. Normally the water-surface 
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elevations at the entrance and exit to a siphon is fixed. Under these conditions, the hy¬ 
draulic design consists of selecting a pipe or pipes that will carry the design flow with a 
head loss equivalent to the difference in entrance and exit water-surface elevations. A 
transition structure is generally required at the entrance and exit of the depressed sewer 
to properly proportion or combine the flows. 

The minimum flow in a siphon must be great enough to prevent deposition of sus¬ 
pended solids. Normally, velocities of less than 3 fps are unsatisfactory. When the si¬ 
phon is required to handle flows that vary considerably during any 24-hr period, it is 
customary to provide two or more pipes. A small pipe is provided to handle the low 
flows; intermediate flows may be carried by the smallest pipe and a larger pipe. Maxi¬ 
mum flows may require the use of three or more pipes. By subdividing the flow in this 
manner, adequate cleansing velocities are ensured for all flow magnitudes. The entrance 
transition structure is designed to channel the flow properly into the various pipes. 
Figure 6.9 illustrates a typical transition structure. 


Inflow 





' Excess flow 1 


^ -► Minimum flow 


Flows exceeding 
excess flow I plus 
mininuim flow 


Inlet structure 
(b) 



Figure 6.9 Inverted siphon or depressed sewer. 
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6.12 Wastewater Pumping Stations 

It is often necessary to accumulate wastewater at a low point in the collection system 
and pump it to treatment works pr to a continuation of the system at a higher elevation. 
Pumping stations consist primarily of a wet well, which intercepts incoming flows and 
permits equalization of pump loadings, and a bank of pumps that lift the wastewater 
from the wet well. In most cases, centrifugal pumps are used and standby equipment is 
required for emergency purposes. Selection of centrifugal pumps is made accor ding to 
the principles outlined in Chapter 5. 

Pumping of sewage may be necessitated by a number of circumstances. The area of 
concern may be lower in elevation than the nearest trunk sewer. It may also be that the 
area to be served lies outside of the drainage area in which the sewage treatment plant 
to bd used is located. Such circumstances require pumping sewage flows across drainage 
divides. Excavation costs to constmct gravity-flow systems may also be such that pump¬ 
ing is more economical than constructing a gravity sewer. In any event, circumstances 
and tradeoffs will dictate the course of action to be followed. Additional details of pump¬ 
ing station designs may be found in Wastewater Engineering [9]. 


URBAN RUNOFF 

Urban runoff is the surface flow from an urban drainage area. Normally such flows 
travel over land until they reach a stream, some other body of water, a detention or 
retention pond, or a storm sewer [10]. The design of urban stor... drainage systems, the 
impact of urban runoff on the quality of receiving surface waters, and the determination 
of best management practices for treating urban stormwater are all issues of concern. 


6.13 Impact of Urban Runoff on Water Quality 

Second only to agriculture, urban activities that disturb the natural environment are 
the greatest contributors to surface water pollution in the United States. With about 
2000 hectares of United States rural land being converted daily to urban use, accelerated 
urbanization has led to increased nonpoint pollution loadings from urban runoff [11]. 

The primary sources of urban nonpoint pollution are fertilizer from lawns and gar¬ 
dens, animal and bird feces, oil drippings, street litter, herbicide residues, atmospheric 
fallout of air pollutants, and dead animals and vegetation that have been either purpose¬ 
fully or incidentally placed on the land. In suburban areas, soil erosion and soil-adsorbed 
pollutants are also sources of nonpoint pollution. As runoff from precipitation travels 
over the land, wastes and residues are entrained by the flow and carried to receiving 
surface water bodies. These residues may contribute significant amounts of suspended 
solids, BOD, nitrates, phosphates, fecal coliforms, and toxic metals to receiving waters. 
A summary of the pollutant characteristics imparted to urban runoff by urban residues 
is given in Table 6.7 [11]. 

The magnitude of the pollution load transported by urban mnoff to receiving water 
bodies is comparable to that of treated sewage or even untreated sewage in some cases. 
The highest concentration of pollutants in stormwater is measured during the initial 
stages of storm runoff, during which the stormwater exhibits a so-called first flush effect 
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Table 6.7 Sources of Nonpoint Pollution from Urban Residential 
and Commercial Areas 


CATEGORY 

PARAMETERS 

POTENTIAL SOURCES 

Bacterial 

Total coliforms, fecal coli- 
forms, fecal streptococci, 
other pathogens 

Animals, birds, soil bacteria 
(humans) 

Nutrients 

Nitrogen, phosphoms 

Lawn fertilizers, decomposing 
organic matter (leaves and 
grass clippings), urban 
street refuse, atmospheric 
deposition 

Biodegradable 

chemicals 

BOD, COD, TOC 

Leaves, grass clippings, ani¬ 
mals, street litter, oil and 
grease 

Organic 

chemicals 

Pesticides, PCBs 

Pest and weed control, pack¬ 
aging, leaking transform¬ 
ers, hydraulic and lubricat¬ 
ing fluids 

Inorganic 

Suspended solids, dissolved 

Erosion, dust and dirt on 

chemicals 

solids, toxic metals, 
chloride 

streets, atmospheric deposi¬ 
tion, industrial pollution, 
traffic, deicing salts 


by initially cleansing away the bulk of pollutants deposited during the preceding dry- 
weather period. 

The concentration of pollutants in stormwater depends on whether the stormwater 
reaches the receiving water by overflow from combined sewers, flow from storm sewers 
or nonsewered overland flow, or municipal sewer overflow. A combined sewer is de¬ 
signed to receive both intercepted surface mnoff and municipal sewage. Combined 
sewer oversow is the flow from a combined sewer in excess of the interceptor capacity 
that is discharged into a receiving body of water. A storm sewer carries intercepted 
surface runoff, street wash, and other wash waters or drainage, but excludes domestic 
sewage and industrial wastes. Nonsewered urban runoff is that part of the precipitation 
that runs off the surface of an urban drainage area and reaches a stream or other body 
of water without passing through a sewer system. It is of about the same quality as water 
collected by a storm sewer. Stormwater can enter municipal sanitary sewers and if infil¬ 
tration of the sewer system is severe enough, the stormwater may cause the municipal 
system to overflow [ 10 ]. 

The most significant characteristic of urban runoff is the suspended-solids content. 
On average, the suspended-solids concentration of combined sewer overflow is greater 
than twice, and for surface mnoff three times, the concentration of suspended solids in 
untreated sewage. For this reason, physical and chemical treatment of stormwater to 
remove suspended solids are usually the principal treatment methods employed. 

The BOD 5 content of combined sewer overflow and municipal sewer overflow is 
approximately equivalent—about half the concentration of untreated sewage (see page 
290). Surface mnoff and storm sewer flow have about the same BOD 5 strength as sec¬ 
ondary municipal effluent. The bacterial content of combined sewer overflow has been 
found to be typically one order of magnitude lower than that of untreated municipal 
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Table 6.8 Generalized Quality Comparisons of Wastewaters° 


TYPE 

BODs 

(mg/1) 

SS 

(mg/1) 

TOTAL 
COLIFORMS 
(mpn/100 ml) 

TOTAL TOTAL 

NITROGEN PHOSPHORUS 
(mg/1 as n) (mg/1 as p) 

Untreated municipal 
Treated municipal 

200 

200 

5 X 10’ 

40 

10 

Primary effluent 

135 

80 

2X 10’ 

35 

8 

Secondary effluent 

25 

15 

1 X 1(P 

30 

5 

Combined sewage 

115 

410 

5 X 10« 

11 

4 

Surface runoff 

30 

630 

4X 10^ 

3 

1 


Source. Reference 10. 

“ Values based on flow-weighted means in individual test areas. 


sewage, whereas the bacterial content of surface runoff is two to four orders of magni¬ 
tude lower than that of untreated sewage [10]. The bacterial concentrations in urban 
surface runoff, however, can be two to five orders of magnitude higher than those con¬ 
sidered safe for water contact activities. Table 6.8 gives a comparison of the quality of 
untreated and treated sewage and urban runoff [ 10 ]. 

Water pollution from urban runoff is a problem of increasing magnitude. Research¬ 
ers have devoted considerable resources to attempting to quantify the problem and de¬ 
termine methods for its control [10-13]. For example, Novotny and Chesters have 
shown that the factors for determining pollutant loads from residential areas include 
( 1 ) degree of imperviousness of land surfaces, ( 2 ) street refuse accumulation and clean¬ 
liness of impervious surfaces, (3) street sweeping practices, (4) curb heights, and 
(5) type of stormwater drainage system [11]. 


6.14 Best Management Practices for Urban Runoff 

Best management practices (BMPs) for urban runoff are nonstructural or low structur¬ 
ally intensive alternatives for the control of urban runoff pollution at its source [ 12 ]. 
BMPs are less costly and more efficient than the alternative—the use of unit processes 
(see Chapter 9) to reduce pollutant loads—and they include the benefits of soil erosion 
control, flood control, and cleaner neighborhoods. The success of such measures in con¬ 
trolling urban runoff pollution is very much dependent, however, on educational pro¬ 
grams and passage of legislation or ordinances to encourage or force people to comply 
with the intended BMPs. The EPA has delineated the following preventive measures, 
construction controls, and conective maintenance and operation practices as sugges¬ 
tions for BMPs [12, 13]: 

Preventive Measures 

1. Utilization of greenways and detention ponds 

2 . Utilization of pervious areas for recharge 

3. Avoidance of steep slopes for development 

4. Maintenance of maximum land area in a natural, undisturbed state 

5. Prohibiting development on floodplains 
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6 . Utilization of porous pavements where applicable 

7. Utilization of natural drainage features 


Soil Erosion Controls at Construction Sites 

1. Minimizing area and duration of soil exposure 

2. Protecting soil with mulch and vegetative cover 

3. Increasing infiltration rates 

4. Construction of temporary storage basins or protective dikes to limit storm runoff 


Corrective Maintenance and Operation Practices 

1. Control of litter, debris, and agricultural chemicals 

2. Regular street sweeping and repair 

3. Improved roadway deicing and materials storage practices 

4. Proper use and maintenance of catch basins and drainage collection systems 

5. On-site retention or detention of stormwater runoff 


6.15 Treatment Processes for Urban Runoff 

The alternative (or supplement) to BMPs is treatment of stormwater pollution by stor¬ 
age, physical or chemical treatment, biological treatment, or disinfection [12,13]. Unit 
processes may be used separately or in sequence to achieve the desired level of treatment. 


DESIGN OF STORM DRAINAGE SYSTEMS 

Rapid and effective removal of storm runoff was a luxury not found in many cities in 
the early nineteenth century. Today, however, the modem city dweller has come to think 
of this as an essential service. Urban drainage facilities have progressed from crude 
ditches and stepping stones to the present intricate coordinated systems of curbs, gutters, 
inlets, and underground conveyances. 

Handling surface runoff in urban drainage areas is a complex and costly undertak¬ 
ing with several primary difficulties—notably quantity and variability. Volumes of sur¬ 
face runoff can be exceedingly large during intense storms, yet such storms may occur 
only on a very infrequent basis. This poses the problem of building drainage works that 
perhaps are used only for a short time. 


6.16 Hydrologic Considerations 

The hydraulic phase of urban drainage design is concerned with determining the mag¬ 
nitude, distribution, and timing of tiie various runoff events. Maximum events are of 
utmost importance since they are the basis for the design of major structures. In some 
cases, a knowledge of peak flow will suffice, but if storage or routing considerations are 
important, the volume and time distribution must also be known. 

Runoff that occurs on any drainage area is a function of climate and the physical 
characteristics of the area. Factors that may be pertinent in precipitation-runoff rela- 
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tionships include precipitation type, rainfall intensity, duration, and distribution; storm 
direction; antecedent precipitation; initial soil moisture conditions; soil type; evapo¬ 
ration; transpiration; and the size, shape, slope, elevation, directional orientation, and 
land use characteristics of the drainage area. Indirect and artificial drainage must also be 
considered when applicable. 

A brief study of these items should be sufficient proof that the hydraulic problem is 
complex. If urban drainage works are effectively and economically to serve the areas for 
which they are designed, considerable emphasis must be placed on the determination of 
accurate and reliable estimates of flow. Unfortunately, it is all too common that months 
are spent on the structural design of hydraulic conveyances, while only meager compu¬ 
tations are made of the flow magnitudes on which these designs are based. Except in the 
case of very important structures, computations are often founded on formulas of ques¬ 
tionable reliability or on the assumption of a past maximum flow plus a factor of safety. 
The greatest number of hydraulic failures have been caused by faulty determinations of 
rainfall magnitude, not by structural inadequacies. 

Peak flows result from excess surface-runoff volumes. The conditions that may gen¬ 
erate these excesses are intense storms, snowmelt, and snowmelt combined with rainfall. 
Maximum flows on urban areas in the United States usually result from high-intensity 
short-duration rainfall of the thunderstorm type, whereas floods on large drainage basins 
are habitually caused by a combination of rainfall and snowmelt. The particular factors 
that produce maximum flow on a specific drainage area must be determined if reason¬ 
able reliability is to be accorded the estimated quantities of discharge. 


6.17 Design Flow 

Design flow is the maximum flow that can pass through a specified structure safely. It is 
significant that the first question to be answered in relation to the design flow is its 
probability of occurrence. Should a drainage system be designed to carry the maximum 
possible flow, the 5%, the 1%, or some other chance discharge? Once this question has 
been answered, the magnitude of flow having the selected “design” frequency must be 
determined. Note particularly that there is little relationship between the normal life of 
the drainage works and the frequency of the design flow. 

Table 6.9 shows, for example, that there is a 22% chance that the 100-yr storm will 
occur in any 25-yr period. This is good reason for questioning the design of a structure 


Table 6.9 Probability That an Event Having a Prescribed Recurrence Interval Will 
Be Equaled or Exceeded During a Specified Period__ 


T, 

(yr) 



PERIOD 

(yr) 



1 

5 

10 

25 

50 

100 

1 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2 

0.5 

0.97 

0.999 

1 .0“ 

1 .0“ 

1 .0“ 

5 

0.2 

0.67 

0.89 

0.996 

1 .0“ 

1 .0“ 

10 

0.1 

0.41 

0.65 

0.93 

0.995 

1 .0“ 

50 

0.02 

0.10 

0.18 

0.40 

0.64 

0.87 

100 

0.01 

0.05 

0.10 

0.22 

0.40 

0.63 


“Values are approximate. 
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for a life expectancy of 25 yr, then using design flows expected on the average of once 
in 25 yr or less. If such a design is used, the chances are good that the structure will be 
damaged, destroyed, or at least overloaded before it has served its useful life. 

Selection of a design frequency must be based on consideration of potential damage 
to human life, property damage, and inconvenience. Human life cannot be judged in 
terms of monetary values. If it is apparent that failure of a proposed drainage system or 
structure will imperil human lives, the design should be appraised accordingly. Property 
damage is a purely economic consideration, and design flows can be determined on the 
basis of the limiting size flow against which it is economically practical to protect. Incon¬ 
venience is an intangible quantity for the most part but can be related to economic values 
under many circumstances and should also be heeded in selecting a design frequency. 


6.18 Procedures for Estimating Runoff 

Procedures used in estimating runoff magnitude and frequency can be generally catego¬ 
rized as (1) empirical approaches, (2) statistical or probability methods, and (3) methods 
relating rainfall to runoff [14]. Historically, numerous empirical equations have been 
developed for use in the prediction of runoff. Most of them have been based on the 
correlation of only two or three variables and, at best, have given only rough approxi¬ 
mations. Many are applicable only to specific localities—a fact that should be carefully 
considered before they are used. In most cases, the frequency of the computed flow is 
unknown. Formulas of this type are useful only where a more reliable means is not 
available—and then only with a complete understanding of the relationship and the 
exercise of due caution. 

Statistical analyses provide good results if sufficient records are available and if no 
significant changes in stream regimen are experienced or expected in the future. Esti¬ 
mates generally are based on the use of duration or probability curves. In applying these 
curves, the larger the sample population, the greater the validity of the estimate. For 
example, a determination of the 10-yr peak flow based on records of only 10 yr might 
be seriously in error, whereas the same answer computed from a 100-yr record would 
yield good results. About ten independent samples normally can be expected to provide 
satisfactory estimates of maximum-flow magnitudes of any frequency. The need for 
long-term records emphasizes the limitation inherent in the use of probability methods, 
since extreme values expected to occur only on the average of once in 50-100 yr or 
more are not often obtainable within the available record. They must therefore be deter¬ 
mined by extrapolation of the probability curve, an extremely dangerous undertaking. 
Most streams in the United States do not have reliable gaging records older than 50 yr, 
and only a few records exist for urban areas. 

Of the methods relating rainfall to runoff, the unit hydrograph method, the rational 
method, and various simulation models are widely used. A discussion of these follows. 


Unit Hydrograph Method 

The unit hydrograph method is a valuable tool for estimating runoff magnitudes of 
various frequencies that may occur on a specific stream [15]. To use this approach it is 
necessary to have continuous records of mnoff and precipitation for the particular drain- 
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age area. Determinations must be made of infiltration capacity variations throughout the 
year. The method is limited to areas for which precipitation patterns do not vary mark¬ 
edly. On large drainage basins, hydrographs must be developed for the various reaches 
and then synthesized into a single design flow at the critical location. 

A unit hydrograph represents the runoff volume of I in. from a specified drainage 
area for a particular rainfall duration. A separate unit hydrograph is theoretically re¬ 
quired for every possible rainfall length of interest. Ordinarily, however, variations of 
±25% from any duration are considered acceptable. In addition, unit hydrographs for 
short periods can be synthesized into hydrographs for longer durations. 

Once a unit hydrograph has been derived for a particular drainage area and rainfall 
duration, the hydrograph for any other storm of equal duration can be obtained. This 
new hydrograph is developed by applying the unit hydrograph theorem, which states 
that the ordinates of all hydrographs resulting from equal unit time rains are proportional 
to the total direct runoff from that rain. The condition may be stated mathematically as 



where 

Qs = magnitude of a hydrograph ordinate of direct mnoff having a 
volume equal to V, (in inches) at some instant of time after 
the start of runoff 

Qu = ordinate of the unit hydrograph having a volume of 1 in. at the 
same instant of time 

Storms of reasonably uniform rainfall intensity, having a duration of about 25% of 
the drainage area lag time (the difference in time between the center of mass of the 
rainfall and the center of mass of the resulting runoff) and producing a total of 1 in. or 
more, are most suitable in deriving a unit hydrograph. 

Essential steps in the development of a unit hydrograph are as follows: 

1. Analyze the streamflow hydrograph to permit separation of the surface runoff 
from the groundwater flow. It can be accomplished by any one of several methods 
[14, 16]. 

2. Measure the total volume of surface runoff (direct runoff) from the storm produc¬ 
ing the original hydrograph. The volume is equal to the area under the hydrograph 
after the groundwater flow has been removed. 

3. Divide the ordinates of the direct mnoff by the total direct runoff volume in inches. 
The resulting plot of the answers versus time is a unit graph for the basin. 

4. Finally, the effective duration of the mnoff-producing rain for this unit graph must 
be found. The answer can be obtained by a study of the hydrograph of the 
storm used. 

The steps listed are used in deriving the unit hydrograph from an isolated storm. 
Other procedures are required for complex storms or in developing synthetic unit graphs 
when few data are available. Unit hydrographs may also be transposed from one basin 
to another under certain circumstances. An example will serve to illustrate the derivation 
and application of the unit hydrograph. 
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4 




Time- 



Time units-► 

Figure 6.10 Derivation of a unit hydrograph from an isolated storm. 


■ EXAMPLE 6.8 Using the hydrograph given in Fig. 6.10, derive a unit hydrograph for 
the 3-mi^ drainage area. From this unit hydrograph, derive a hydrograph of direct runoff 
for the rainfall sequence (see Tables 6.10 and 6.11). 

Solution: 

1. Separate the base or groundwater flow so that the total direct runoff hydrograph 
may be obtained. As stated previously, a number of procedures are reported in 
the literature. A common method is to draw a straight line AC beginning where 
the hydrograph starts an appreciable rise and ending where the recession curve 
intersects the base-flow curve. The most important point here is to be consistent 
in methodology from storm to storm. 

2. Determine flie duration of the effective rainfall (rainfall that actually produces 
surface runoff). The effective rainfall volume must be equivalent to the volume 
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Table 6.10 Determination of a Unit Hydrograph From an Isolated Storm 


( 1 ) 

( 2 ) 

(3) 

(4) 

TOTAL 

UNIT 




DIRECT 

HYDROGRAPH 


TOTAL 

BASE 

RUNOFF; 

ORDINATE: 


RUNOFF 

FLOW 

(2) - (3) 

(4) - 1.4 

TIME UNIT 

(cfs) 

(cfs) 

(cfs) 

(cfs) 

1 

no 

110 

0 

0 

2 

122 

122 

0 

0 

3 

230 

120 

no 

78.7 

4 

578 

118 

460 

328 

4.7 

666 

116 

550 

393 

5 

645 

115 

530 

379 

6 

434 

114 

320 

229 

7 

293 

113 

180 

129 

8 

202 

112 

90 

64.2 

9 

160 

no 

50 

35.7 

10 

117 

105 

12 

8.6 

10.5 

105 

105 

0 

0 

11 

90 

90 

0 

0 

12 

80 

80 

0 

0 


Table 6.11 Unit Hydrograph Application 


TIME UNIT 
SEQUENCE 

RAIN UNIT 
NUMBER 

EFFECTIVE 

RAINFALL 

(in.) 

HYDROGRAPH ORDINATES “ 

FOR RAINFALL UNIT... 

1 2 3 

1 

1 

0.7 

55.1 

— 

— 

2 

2 

1.7 

229 

134 

— 

2.7 

3 

1.2 

275 

— 

— 

3 

— 

— 

265 

558 

94.3 

3.7 

— 

— 

— 

668 

— 

4 

— 

— 

161 

664 

393 

4.7 

— 

— 

— 

— 

472 

5 

— 

— 

90.5 

389 

455 

6 

— 

— 

44.9 

219 

275 

7 

— 

— 

25.0 

109 

155 

8 

— 

— 

6.0 

60.7 

77 

9 

— 

— 

— 

14.6 

42.8 

10 

— 

— 

— 

— 

10.3 


“Values are obtained by multiplying effective rainfall values by unit hydrograph ordinates. 


of direct surface runoff. Usually the unit time of the effective rainfall will be 
1 day, 1 hr, 12 hr, or some other interval appropriate for the size of drainage area 
being studied. As stated before, the unit storm duration should not exceed about 
25% of the drainage are a lag time. The effective portion of the rainstorm for 
this example is given in Fig. 6.10, together with its duration. The effective vol¬ 
ume is 1,4 in. 








Runoff (100 cfs) 
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3. Project the base length of the unit hydrograph down to the abscissa, giving the 
horizontal projection of the base-flow separation line AC. It should be noted that 
the unit hydrograph theory assumes that for all storms of equal duration, regard¬ 
less of intensity, the period of surface runoff is the same. 

4. Tabulate the ordinates of direct runoff at the peak rate of flow and at sufficient 
other positions to determine the hydrograph shape. Note that the direct runoff 
ordinate is the ordinate above the base-flow separation line. See Table 6.10. 

5. Compute die ordinates of the unit hydrograph by using Eq. 6.9. In this example, 
the values are obtained by dividing the direct runoff ordinates by 1,4. Table 6.10 
outlines the computation of the unit hydrograph ordinates. 

6 . Using the values from Table 6 .10, plot the unit hydrograph as shown in Fig. 6 .10. 

7. Using the derived ordinates of the unit hydrograph, determine the ordinates of 
the hydrographs for each consecutive rainfall period as given in Table 6.11. 

8 . Determine the synthesized hydrograph for unit storms 1-3 by plotting the 

three hydrographs and summing the ordinates. The procedure is indicated in 
Fig. 6.11. ■ 



Figure 6.11 Synthesized hydrograph derived by the unit hydrograph 
method. 
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The unit hydrograph method provides the entire hydrograph resulting from a par¬ 
ticular storm and offers certain definite advantages over procedures that produce peak 
flows alone. It has the disadvantage of requiring both rainfall and runoff data for its 
derivation and of being limited in its application to a particular drainage basin. A num¬ 
ber of refinements to the procedure may be found in the literature [16, 17]. Procedures 
for producing synthetic unit hydrographs covering areas where adequate records are not 
available have also been derived [17]. 

Rational Method 

A second rainfall-runoff relationship that will be discussed here is known as the ratio¬ 
nal method. It was first proposed in 1889 and is currently a commonly used method in 
this country for computing quantities of stormwater runoff from small areas [6]. The 
rational formula relates runoff to rainfall in the following manner: 

Q = cia (6.10) 

where 

Q = peak runoff rate, cfs 

c - runoff coefficient, which is actually the ratio of the peak runoff 
rate to the average rainfall rate for a period known as the time 
of concentration 

i = average rainfall intensity, in./hr, for a period equal to the time 
of concentration 

a = drainage area, acres 

It should be noted that the assignment of cfs to Q is satisfactory for ail practical pur¬ 
poses, since 1.008 cfs equals 1 in. of rainfall in 1 hr on an area of 1 acre. 

Assumptions basic to the rational method are that (1) the maximum runoff rate to 
any design location is a function of the average rate of rainfall during the time of con¬ 
centration and (2) the maximum rate of rainfall occurs during the time of concentration. 
The variability of the storm pattern is not taken into consideration. The time of concen¬ 
tration is defined as the flow time from the most remote point in the drainage area to 
the point in question. Usually it is considered to be composed of an overland flow time 
or, in most urban areas, an inlet time plus a channel flow time. 

The channel flow time can be estimated with reasonable accuracy from the hydrau¬ 
lic characteristics of the sewer. Normally, the average full-flow velocity of the convey¬ 
ance for the existing or proposed hydraulic gradient is used. The channel flow time is 
then determined as the flow length divided by the average velocity. 

The inlet time consists of the time required for water to reach a defined channel 
such as a street gutter, plus the gutter flow time to the inlet. Numerous factors, such as 
rainfall intensity, surface slope, surface roughness, flow distance, infiltration capacity, 
and depression storage, affect inlet time. Because of this, accurate values are difficult to 
obtain. Design inlet flow times of from 5 to 30 min are used in practice. In highly 
developed areas with closely spaced inlets, inlet times of 5-15 min are common; for 
similar areas with flat slopes, periods of 10-15 min are common; and for very level 
areas with widely spaced inlets, inlet times of 20-30 min are frequently used [6]. 

Inlet times are also estimated by breaking the flow path into various components, 
such as grass, asphalt, and so on, then computing individual times for each surface and 
adding them. In theory this would seem desirable, but in practice so many variables 
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affect the flow that the reliability of computations of this type is questionable. The stan¬ 
dard procedure is to use inlet times that have been found through experience to be ap¬ 
plicable to the various types of urban areas. 

Izzard found the concentration time for small experimental plots without developed 
channels to be [18] 


where 


~ (ki)^ 

tc = time of concentration, min 
b = coefficient 
Lo = overland flow length, ft 
k — rational ranoff coefficient (see Table 6.12) 
i = rainfall intensity, in./hr, during time 4 


( 6 . 11 ) 


Table 6.12 Typical C Coefficients for 5- to 
10-yr Frequency Design_ 


DESCRIPTION OF AREA 

RUNOFF 

COEFHCIENTS 

Business; 

Downtown areas 

0.70-0.95 

Neighborhood areas 

0.50-0.70 

Residential; 

Single-family areas 

0.30-0.50 

Multiunits, detached 

0.40-0.60 

Multiunits, attached 

0.60-0.75 

Residential (suburban) 

0.25-0.40 

Apartment dwelling areas 

0.50-0.70 

Industrial: 

Light areas 

0.50-0.80 

Heavy areas 

0.60-0.90 

Parks, cemeteries 

0.10-0.25 

Playgrounds 

0.20-0.35 

Railroad yard areas 

0.20-0.40 

Unimproved areas 

0.10-0.30 

Streets; 

Asphaltic 

0.70-0.95 

Concrete 

0.80-0.95 

Brick 

0.70-0.85 

Drives and walks 

0.75-0.85 

Roofs 

0.75-0.95 

Lawns, sandy soil: 

Hat, 2% 

0.05-0.10 

Average, 2-7% 

0.10-0.15 

Steep, 7% 

0.15-0.20 

Lawns, heavy soU: 

Hat, 2% 

0.13-0.17 

Average, 2-7% 

0.18-0.22 

Steq),7% 

0.25-0.35 
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Table 6.13 Izzard's Retardance Coefficient C 


SURFACE 

C 

Smooth asphalt 

0.007 

Concrete paving 

0.012 

Tar and gravel paving 

0.017 

Closely clipped sod 

0.046 

Dense bluegrass turf 

0.060 


The equation is valid only for laminar flow conditions where the product is less than 
500. The coefficient b is found using 


where 


b = 


0,0007/ + C 


So = surface slope 
C = coefficient of retardance 


( 6 . 12 ) 


Values of C are given in Table 6.13. Note that the reliability of this equation is also 
strongly influenced by the selection of parameters. 

The runoff coefficient c is the component of the rational formula that requires the 
greatest exercise of judgment by the engineer. It is not amenable to exact determination, 
since it includes the influence of a number of variables, such as infiltration capacity, 
interception by vegetation, depression storage, and antecedent conditions. As used in 
the rational equation, the coefficient c represents a fixed ratio of runoff to rainfall, while 
in actuality it is not fixed and may vary for a specific drainage basin with time during a 
particular storm, from storm to storm, and with change in season. Fortunately, the closer 
the area comes to being impervious, the more reasonable the selection of c becomes. 
This is true since for highly impervious areas c approaches unity, and for these areas the 
nature of the surface is much less variable for changing seasonal, meteorological, or 
antecedent conditions. The rational method therefore is best suited for use in urban 
areas, where a high percentage of imperviousness is common. 

At present there is no precise method for evaluating the mnoff coefficient c, al¬ 
though some research has been directed toward that end [19]. Common engineering 
practice is to make use of average values of the coefficient for various surface types 
normally found in urban regions. Table 6.12 lists some values of the runoff coefficient. 

Figure 6 .12 relates the rational c to imperviousness, soil type, and lawn slope. Most 
engineering designers make use of information reported in similar tabular or graphical 
form, inserting local conditions following their experience and practice. 

In applying the rational method, a rainfall intensity i must be used that represents 
the average intensity of a storm of given frequency for the time of concentration. The 
frequency chosen is largely a matter of economics. Factors related to the choice of a 
design frequency have already been discussed. Frequencies of 1-10 yr are commonly 
used where residential areas are to be protected. For higher-value districts, 10-20 yr or 
higher return periods often are selected. Local conditions and practice normally dictate 
the selection of these design criteria. 

After tc and the rainfall frequency have been ascertained, the rainfall intensity i is 
usually obtained by making use of a set of rainfall intensity-duration-frequency curves 
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% Impervious 

Figure 6.12 c factors for typical developments in clay soils. {Courtesy 
of the Baltimore County, Maryland, Department of Public Works.j 

such as those shown in Fig. 6.13. Entering the curves on the abscissa with the appropri¬ 
ate value of tc and then projecting upward to an intersection with the desired frequency 
curve allows i to be found by projecting this intersection point horizontally to an inter¬ 
section with the ordinate. If an adequate number of years of local rainfall records is 
available, curves similar to Fig. 6.13 may be developed. Otherwise, data compiled by 
the Weather Bureau, the Department of Commerce, the Department of Agriculture, and 
other government agencies, data that are available for numerous localities and regions, 
can be used. 

Generally, the rational method should be used only on areas that are smaller than 
about 2 mi^ (approximately 1280 acres) in size. For areas larger than 100 acres, due 




6 18 Procedures for Estimating Runoff 233 


10 



0 20 40 60 80 100 120 


Duration (min) 

Figure 6.13 Typical intensity-duration-frequency curves. 

caution should be exercised. Most urban (irainage areas served by storm drains become 
tributary to natural drainage channels or large conveyances before they reach 100 acres 
or more in size, however, and for these tributary areas the rational method can be put to 
reasonable use. 

■ EXAMPLE 6.9 Given the following data for a 25-year storm, estimate the peak rate 
of flow to a culvert entrance. Consider the rainfall intensity-duration-frequency curves 
of Fig. 6.13 applicable. The contributing upstream drainage area is 20 acres. The overland 
flow distance is 125 ft and the average land slope is 2.5%. The land use of the overland 
flow portion of the drainage area is lawns, sandy soil. The land use for the drainage basin 
is 75% residential, multiple units, detached, and 25% lawns, sandy soil with an overall 
average slope of about 2.7%. A channel leading to the culvert is 1550 ft long with a slope 
of 0.016 ft/ft. The Manning’s n value for the grassed channel is 0.030. The channel is 
trapezoidal with a bottom width of 3 ft and side slopes of 2 ft vertical to 1 ft horizontal. 

Solution: 

1. Determine the rational C value 

a. for the overland flow portion, using the data given and Table 6.12, C is found 
to be 0.15 

b. for the residential portion, from Table 6,12, C is found to be 0,5 
The weighted average C value for the entire area is thus 

C = (0.75 X 0.5 + 0.25 X 0.15)/1.0 = 0.41 

where 0.75 and 0.25 are the percentages of residential and lawn areas and the 
denominator is the sum of them =1.0 
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2. Calculate the time of concentration 

a. for the overland flow area 

Use the Federal Aviation Administration equation [20] 

tc = • 1 . 8 ( 1.1 - 

where C = the rational coefficient (Table 6.12), L = overland flow length 
in ft, and S = surface slope in %. 

t, = 1.8(1.1 - 0.15)125‘‘V2.500”3 = 14.09 min 

b. for the main channel 

From the channel geometry and assuming a depth of 2 ft, is calculated to 
be 1.72 ft. Then using Manning’s equation, 

V = (1.49/0.03)(1.72)““(0.016)05 = 9.01 ft/s 

f, = L/(V X 60) = 1550/(9.01 X 60) = 2.86 min 

'The total time of concentration is 14.09 + 2.86 = 16.95, or 17 min. 

3. Calculate the peak runoff for the 25-year storm 

From Fig. 6.13, using a time of concentration of 17 min and interpolating 
for the 25-year curve, the rainfall intensity is found to be 6.4 in/hr. Now the 
rational equation can be solved for Q : 

e = CiA = 0.41 X 6.4 X 20 = 52.48 cfs ■ 


Simulation Models 

Simulation models find widespread use in estimating stormwater flows generated in 
urban areas. Where sufficient data are available, simulation models can be used to test 
proposed designs and/or systems’ operating procedures [8, 14]. A few of the many 
event, continuous, and urban mnoff computer models are listed in Table 6.14. Most of 
these models were developed by university researchers or federal agency personnel. All 
of these models have moderate to extensive input data requirements, and all have from 
1 to 10 percent of inputs that are judgment parameters [14]. These are usually validated 
through repeated trial runs. The first nine models listed in Table 6.14 under the urban 
runoff simulation models heading are public domain models. These models are periodi¬ 
cally updated; the current version should be requested when acquiring the computer code. 
Additional information on many of these models may be found in [21 -38]. 

One of the earliest simulation models to find wide use was the Stanford Watershed 
Model, developed by Crawford and Linsley in 1966 [23]. Since then, the model has 
undergone many revisions by its authors and others [8, 14]. The version discussed here 
is the hydrocomp simulation program (HSP) [35]. This and other versions of the model 
have been used extensively for synthesizing continuous hydrographs of hourly or daily 
stream flows for watersheds of varying size and character. 

The HSP is actually a sequence of computational routines representing the major 
hydrologic processes. Input to the model includes precipitation, potential evapotranspi- 
ration, temperature, radiation, dew point, and wind. The last four of these are needed 
only if snowmelt is involved. 
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What the model does is to account for the initial moisture stored in the watershed 
and then determine the fate of a precipitation input. The hydrologic budget is balanced 
for selected time steps so that the precipitation input can be converted to stream flow 
after the appropriate allocations to interception, evapotranspiration, and upper, lower, 
and deep groundwater storages have been made. In simple terms, the following equation 
is solved at each time step for stream flow: 


/? = />- ET - A5 (6.13) 

where 

P = precipitation 
R = streamflow 
ET = evapotranspiration 
A5 = total change in storage 


The equation is balanced at the end of each period, and the calculations proceed from 
interval to interval until there is no additional input of data [35]. 


EPA Storm Water Management Model 

A widely used simulation model is EPA’s Storm Water Management Model (SWMM) 
(http://www.epa.gov/SWMM_WINDOWS) [14, 36-38]. SWMM is capable of simu¬ 
lating the movement of precipitation and pollutants from the surface of the ground 
through pipe and channel networks and storage treatment units to receiving waters. 
Single-event and continuous simulation may be performed on catchments having storm 
sewers and natural drainage. Flows, stages, and pollutant concentrations are outputs of 
the model. SWMM can be used for planning and design purposes. The planning mode 
is used to assess the urban runoff problem and the proposed abatement options. Design 
application simulations generally use detailed catchment layouts and shorter time steps 
for the precipitation input than are used in planning models. The flow diagram for the 
mnoff portion of the model is given in Fig. 6.14. 

The computer program for SWMM consists of a control segment and five compu¬ 
tational blocks: (1) executive, (2) ranoff, (3) transport, (4) storage, and (5) receiving 
water. 

The executive block is the control for computational blocks, with all access and 
transfers between the other blocks routed through its subroutine main. The runoff hlocls. 
accepts rainfall data and a description of the drainage system as inputs and provides 
both hydrographs and time-dependent pollutional graphs (pollutographs). The transport 
block routes through the distribution system flows, which are corrected for both dry- 
weather flow and infiltration. It is also capable of producing hydrographs and polluto¬ 
graphs at specified points. In the storage segment, flows from the transport block are 
received and the effect of any treatment provided is considered. The effects of the dis¬ 
charge on a receiving stream are determined in the receiving water block. Segments 
may be run separately to facilitate adjustments. 

The drainage area is divided into subcatchments, gutters, and pipes. Subcatchments 
are divided into three parts: pervious, impervious with surface detention, and impervi¬ 
ous without surface detention. Required inputs to the model are the surface area, width 
of subcatchment, ground slope. Manning’s roughness coefficient, infiltration rate, and 
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Figure 6.14 Flowchart for hydrographic computation. (After Metcalf and Eddy, 
Inc., University of Florida, and Water Resources Engineers, Inc. {36].) 


detention depth. Channel descriptions are the length, Manning’s roughness coefficient, 
invert slope, diameter for pipes, or cross-sectional dimensions. General data require¬ 
ments are summarized in Table 6.15. A step-by-step process accounts for inflow, infil¬ 
tration losses, and flow from upstream subcatchment areas and provides a calculated 
discharge hydrograph at the drainage basin outlet. The following description of the 
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Table 6,15 General Data Requirements for Storm Water 

Management Model (SWMM) _ 

Item 1. Define the Study Area. Land use, topography, population distribution, census tract 
data, aerial photos, and area boundaries. 

Item 2. Define the System. Plans of the collection system to define branching, sizes, and 
slopes; types and general locations, of inlet structures. 

Item 3. Define the System Specialties. Flow diversions, regulators, and storage basins. 

Item 4. Define the System Maintenance. Street sweeping (description and frequency), catch- 
basin cleaning; trouble spots (flooding). 

Item 5. Define the Base Flow (DWF). Measured directly or through sewerage facility operating 
data; hourly variation and weekday versus weekend; the DWF characteristics (com¬ 
posited BOD and SS results); industrial flows (locations, average quantities, and 
quality). 

Item 6. Define the Storm Flow. Daily rainfall totals over an extended period (6 months or 

longer) encompassing the study events; continuous rainfall hyetographs, continuous 
runoff hydrographs, and combined flow quality measurements (BOD and SS) for the 
study events; discrete or composited samples as available (describe fully when and 
how taken). 


simulation process, which was incorporated in early versions of SWMM. illustrates the 
logic of the model [14]. 

1. Rainfall is added to the subcatchment according to the specified hyetograph: 

Di = D, + R, + (6.14) 

where D, = the water depth after rainfall, D, = the water depth of the subcatch¬ 
ment at time t, and R, = the intensity of rainfall in time interval Ar. 

2. Infiltration I, is computed by Horton’s exponential function, I, = fc + (fo ~ 
/,)e“*', and is subtracted from the water depth existing on the subcatchment 

Dz = D, - I,^t (6.15) 

where /o, k = coefficients in Horton’s equation and £>2 = the intermediate 
water depth after accounting for infiltration. 

3. If the resulting water depth of subcatchment D 2 is larger than the specified deten¬ 
tion depth Dd, an outflow rate is computed using a modified Manning’s equation. 

V = (1.49/n)(r)2 - (6.16) 

and 

Gw = VW{D2 - D,) (6.17) 

where V = velocity, n = Manning’s coefficient, S = ground slope, W = the 

width, and Gw = the outflow rate. 

4. The continuity equation is solved to determine water depth of the subcatchments 
resulting from rainfall, infiltration, and outflow. Thus 

= D 2 - (Gw/A)Af (6A« 

5. Steps 1—4 are repeated until computations for all subcatchments are completed. 
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6. Inflow (0,„) to a gutter is computed as a summation of outflow from tributary 
subcatchments (Q^,,) and flow rate of immediate upstream gutters (Qg ,) 

Q,n = (6.19) 

7. The inflow is added to raise the existing water depth of the gutter according to 
its geometry. Thus 

+ ((2inMJA/ (6.20) 

where 7 j, Y, = the water depth of the gutter, and A, — the mean water surface 
area between 7, and 7,. 

8. The outflow is calculated for the gutter using Manning’s equation: 

V = (1.49/n)/?2'35i/2 (6.21) 

and 

a = VA, (6.22) 

where R = hydraulic radius, 5, = the invert slope, and Ac = the cross-section 
area at 7i. 

9. The continuity equation is solved to determine the water depth of the gutter re¬ 
sulting from the inflow and outflow. Thus 

= T. + (a.„ - aXAt/A,) (623) 

10. Steps 6-9 are repeated until all the gutters are finished. 

11. The flows reaching the point concerned are added to produce a hydrograph co¬ 
ordinate along the time axis. 

12. The processes from 1 to 11 are repeated in succeeding time periods until the 
complete hydrograph is computed. 

Three general types of output are provided by S WMM. If waste treatment processes 
are simulated or proposed, the capital, land, and operation and maintenance costs are 
printed. Plots of water quality constituents versus time form the second type of output. 
These pollutographs are produced for several locations in the system and in the receiving 
waters. Quality constituents handled by SWMM include suspended solids, settleable 
solids, BOD, nitrogen, phosphorus, and grease. The third type of output is hydrologic. 
Hydrographs at any point—for example, at the end of a gutter or inlet—are printed for 
designated time periods. A special statistics block provides a frequency analysis of 
storm events from the continuous simulation. 

The input to the water quality portion of the SWMM consists of hydrogr^hs de¬ 
veloped in the hydrologic phase of the model. The output takes the form of polluto¬ 
graphs for each of the pollutants modeled. The hydrographs and pollutographs that are 
calculated are then introduced into the transport block, which combines them with the 
dry-weather and infiltrated flow components to produce the actual outfall graphs for 
water quality and quantity. The-SWMM is capable of predicting the concentrations of 
suspended solids, BOD, total coliform, COD, settleable solids, nitrates, phosj^ates, and 
grease in stormwater ranoff [40}. 

The SWMM makes use of the assumption that the amount of a pollutant that can 
be removed from a drainage area during a storm event is a function of the storm duration 
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and initid quantity of the pollutant. This can be represented by a first-order diiBferential 
equation of the form 



dP 

_ = kP 

dt 

(6.24) 

which integrates to 

where 

P«-P = - e-») 

(6.25) 


Po = initial amount of pollutant per unit area 
P = remaining amount of pollutant per unit area at time t 
k = decay rate 


The value of k is assumed to be directly proportional to the rate of runoff. In the 
model, this is represented as = br, where is a constant and r is the runoff rate. A 
value of 4.6 has been used for k based on analyses of storm event data from urban areas. 
This implies identical rainfall intensities and wash-off rates for all storms, a condition 
not met with in reality. 

For the prediction of suspended solids and BOD, it has been determined that a 
modification of Eq. (6.25) is needed. This change incorporates an availability factor Aq, 
which represents the percentage of pollutant P that is available for capture by the storm 
[40]. Thus, Eq. (6.25) becomes 

Po - P = AoPod - e-*^) (6.26) 

Coliform densities are predicted as the product of the suspended-solids concentration 
and an appropriate conversion factor. The EPA provides complete information on meth¬ 
ods used to establish the required model parameters [39]. 

For each time step in the modeling process, the rate of mnoff is calculated using the 
hydrologic model. A value of P is also determined [Eq. (6.25) or (6.26)] and then be¬ 
comes the value of P for the next time step. Then, during the time interval, the change 
in value of P can be related to the quantity of flow from the area to produce the polluto- 
graph of the constituent of interest. Calculations proceed from one time step to the next 
until the storm event has ended. 

Calibration of the model centers around a trial-and-error procedure to determine the 
ideal combination of loading rate and removal coefficient that would result in a satisfac¬ 
tory match of the observed and computed pollutographs. The parameters derived in this 
manner are valid only for the particular storm used in the calibration and should not be 
used for other storms unless their features are considered to be quite similar. The 
SWMM has the flexibility to determine pollutant loading from a variety of urban land 
use characterizations. It can also be used to generate input data for use in stream quality 
models. 


6.19 Stormwater Inlets 

Stormwater inlet capacity has received little emphasis in the design of storm drainage 
systems for highways and streets. It is nevertheless of great importance because, regard¬ 
less of the adequacy of the underground drainage system, proper drainage cannot result 
unless stormwater is quickly and efficiently collected and introduced into the system* 
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A reliable knowledge of the behavior of stormwater inlets has broad implications: 
Overdesign and inefficient use of the drainage system due to inadequate inlets can be 
avoided, debris and leaf stoppage of inlets can be reduced, and traffic interference on 
streets and highways can be minimized. No specific inlet type can be considered best 
for all conditions of use. Street grade, cross slope, and depression geometry affect the 
hydraulic efficiency. Eliminating stoppages or minimizing traffic interference often take 
precedence over hydraulic considerations in design. 

Ideally, a simple opening across the flow path is the most effective type of inlet 
structure. Constmction of this type would be impractical and unsafe, however, and the 
opening must therefore be covered with a grate or located in the curb. Unfortunately, 
grates obstruct the fall of water and often serve to collect debris, while curb openings 
are not in the direct path of flow. Nevertheless, a compromise of this type must be made. 

Increasing the street cross slope will increase the depth of flow of the gutter, gutter 
depressions will concentrate flows at the inlet, and curb and gutter openings can be 
combined. These and other modifications provide increased inlet capacities, although 
some of them are not compatible with high-volume traffic. 

Numerous inlet designs are seen across the United States, most of which have been 
developed from the practical experience of engineers or by rule-of-thumb procedures. 
The hydraulic capacity of many of these designs is totally unknown, and estimates fre¬ 
quently are considerably in error. Only in recent years have laboratory studies been 
conducted to produce efficient designs and develop a better understanding of inlet 
behavior [41]. 

Four maj or types of inlets are being built: curb inlets, gutter -inlets, combination 
inlets, and multiple inlets. A multiple of varieties is possible in each classification. A 
brief general description of the basic types follows: 

1. curb inlet —a vertical opening in the curb through which gutter flow passes. 

2. gutter inlet —a depressed or undepressed opening in the gutter section through 
which the surface drainage falls, covered by one or more grates. 

3. combination inlet —an inlet composed of both curb and gutter openings, which 
acts as an integrated unit. Gutter openings may be placed directly in front of the 
curb opening (contiguous combination inlet) or upstream or downstream of the 
gutter opening (offset inlet). Combination inlets may be depressed or undepressed. 
Figure 6.15 depicts a typical combination inlet. Figure 6.16 relates the capacity of 
the inlet to the percent gutter slope. 

4. multiple inlets —closely spaced interconnected inlets acting as a unit. Identical 
inlets end to end are called “double inlets.” 

Several general design recommendations regarding stormwater inlets may be made. 
The final selection of the optimum inlet type for a specific location will necessarily have 
to be based on the exercise of engineering judgment relative to the importance of clog¬ 
ging, traffic hazard, safety, and cost. In general, use cross slopes that are as steep as 
possible considering traffic safety and comfort. Locate and design the inlets so there will 
be a 5-10% bypass in gutter flow. This greafly increases the inlet capacity. The bypass 
flow should not be great enough to inconvenience pedestrians or vehicular traffic, how¬ 
ever. On streets where parking is permitted or where vehicles are not expected to travel 
near the curb, use contiguous combination curb-and-gutter inlets with longitudinal grate 
bars, or build depressed gutter inlets if clogging is not a problem. Where clogging is 
important, use depressed curb inlets if the gutter flow is small. For large flows, use 
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Plan 


Where /I is 3 ft-6 in or greater, standard 
jnanhole steps (sanitary sewer section) 
will be installed as shown 




„ — 8 in min 

Perspective View Section CC 

Figure 6.15 Baltimore type S combination inlet. (Courtesy of the Baltimore County, 
Maryland, Department of Public Works.) 


depressed combination inlets with the curb opening upstream. On streets having slopes 
in excess of 5%, where traffic passes close to the curb, use deflector inlets if road dirt 
will not pack in the grooves. For flat slopes or where dirt is a problem, use undepressed 
gutter inlets or combination inlets with longitudinal bars only. For streets having flat 
grades or sumps (lows), pitch the grade toward the inlet on both ends. This will have the 
effect of providing a sump at the inlet. For true sump locations, use curb openings or 
combination inlets. The total open area, not the size and arrangement of bars, is impor¬ 
tant because the inlet will act as an orifice. Normally, sump inlets should be over- 
designed because of the unique clogging problems that develop in depressed areas. 

Inlets should be constructed in all sumps and at all street intersections where the 
quantity of flow is significant or where nuisance conditions warrant such construction. 
Inlets are required at intermediate points along streets where the curb and gutter capacity 
would be exceeded without them. Inlet capacities should be equal to or greater than the 
design flows. As shown in Fig. 6.16, inlet capacity is related to gutter slope and must be 
taken into account when selecting an inlet for a specific location. 

Rapid and efficient removal of surface runoff from streets and highways is exceed¬ 
ingly important for maximum safety and minimum nuisance. Street grade, crown slope. 
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Grade of gutter (%) 

Figure 6.16 Inlet capacity curves for type S combination inlets. The inlet 
capacities have been reduced by 20% for the estimated effects of debris partially 
clogging the inlet (on slopes). The capacities are based on standard 7Vi6-in. curb 
and gutter and 1-18 average crown slope for a distance of about 5 ft from the 
face of the curve. (Courtesy of the Baltimore County, Maryland, Department of 
Public Works.) 


inlet type, grade design, and tolerable bypass flow are all important factors in the selec¬ 
tion of inlet structures. Reliable information on the hydraulic performance of various 
inlet works is essential if effective designs are to be made. 

6.20 System Layout 

Storm drainage systems may be closed conduit, open conduit, or some combination of 
the two. In most urban areas, the smaller drains frequently are closed conduits, and as 
the system moves downstream, open channels are often employed. Because quantities 
of stormwater runoff are usually quite large when contrasted with flows in most water 
mains and sanitary sewers, the drainage works needed to carry these flows are also quite 
large and occupy an important position from the standpoint of utilities placement. Com- 
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Figure 6.17 Typical storm drainage manhole details. (Courtesy of the 
Baltimore County, Maryland, Department of Public Works.) 


mon practice is to build the storm drains along the centerline of the street, then offset 
the water main to one side and the sanitary sewer to the other. 

In order to produce a workable system layout, a map of the area is needed showing 
contours, streets, buildings, other existing utilities, natural drainage ways, and areas for 
future development. As in the case of the sanitary sewer system, the storm drains will 
lie principally under the streets or in designated drainage rights-of-way. The entire area 
to the physical divide should be served by the drain or by an extension of it. 

The first step in laying out the draining system is to tentatively locate all the neces¬ 
sary inlet structures. Once this has been done, a skeleton pipe system connecting all the 
inlets within a particular drainage area is drawn along with the location of all manholes, 
wye branches, special bend or junction structures, and the outfall. 

Customarily, a manhole or junction structure will be required at all changes in 
grade, pipe size, direction of flow, and quantity of flow. Figure 6.17 illustrates the details 
of a typical manhole. Note that today most of these structures are precast concrete rather 
than brick. Storm drains are usually not built smaller than 12 in. in diameter because 
smaller pipes tend to clog readily with debris and therefore present serious malfunction 
problems. Maximum manhole spacing for pipes 27 in. and under should not exceed abput 
600 ft. For larger pipes, no maximum is prescribed, and the normal requirements for 
structures should provide access to the drain for inspection, cleaning, or maintenance. 


6.21 Hydraulic Design of Urban Storm Drainage Systems 

The basic hydraulic principles outlined at the beginning of the chapter are applicable to 
the design of an urban drainage system. The calculations for the drainage area shown in 
Fig. 6.18 are presented in detail to illustrate the mechanical procedure and the rational 
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method as applied to an actual design problem. The overall Mextex area is an urban 
residential area made up of single-family dwellings and is divided into eight subareas 
that are tributary to individual stormwater inlets. 

■ EXAMPLE 6.10 Design a storm drainage system to carry the flows from the eight 
inlet areas given in Fig. 6.18. It will be assumed that a 10-yr frequency rainfall satisfies 
the local design requirements. Assume clay soil to be predominant in the area, with 
average lawn slopes. 

Solution: 

1. Prepare a drainage area map showing drainage limits, streets, impervious areas, 
and direction of surface flow. 

2. Divide the drainage area into subareas tributary to the proposed stormwater in¬ 
lets (Fig. 6.18). 

3. Compute the acreage and imperviousness of each area. 

4. Calculate the required capacity of each inlet, using the rational method. Assume 
a 5-min inlet time to be appropriate and compute inlet flows for a rainfall inten¬ 
sity of 7.0 in./hr. This is obtained by using the 10-yr frequency curve in Fig. 6.13 
with a 5-min concentration time. Appropriate c values are obtained from Fig. 6.12 
by entering the graph with the calculated percentage imperviousness (the percent 
of the inlet area covered by streets, sidewalks, drives, roofs, etc.), projecting up 
to the average lawn-slope curve, and reading c on the ordinato. Computatioi^ 
for the inlet flows are tabulated in Table 6.16. 

5. Select the type inlets required to drain the flows in Table 6.16 adequately. The 
choice will be based on a knowledge of the street slopes and their relation to 
various inlet capacities. Inlet capacity curves such as those given in Fig. 6.16 
would be used. For the purposes of this example, no actual selections will be 
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Table 6,16 Required Stormwater Inlet Capacities for Example 6.10 


(1) (2) (3) (4) (5) 

AREA AREA PERCENT 

INLET DESIGNATION (acres) IMPERVIOUS C 

(6) 

RAINFALL 

INTENSITY 

Q-. 

(3)X(5)X(6) 

(cfs) 

I-l 

0 

0.40 

49 

0.57 

7.0 

1.59 

1-2 

H 

2.25 

20 

0.35 

7.0 

5.52 

1-3 

M 

2.75 

26 

0.40 

7.0 

7.70 

1-4 

N 

1.27 

26 

0.4O 

7.0 

3.55 

1-5 

D 

2.66 

26 

0.40 

7.0 

7.43 

1-6 

C 

3.19 

24 

0.38 

7.0 

8.48 

1-7 

A 

1.93 

23 

0.37 

7.0 

4.99 

1-8 

B 

1.34 

29 

0.42 

7.0 

3.93 


made, but the reader should recognize that this is the next logical step and an 
exceedingly important one. 

6. Beginning at the upstream end of the system, compute the discharge to be car¬ 
ried by each successive length of pipe, moving downstream. These calculations 
are summarized in Table 6.17. Note that at each point downstream where a new 
flow is introduced, a new time of concentration must be determined as well as 
new values of c and drainage area size. As the upstream inlet areas are combined 
to produce a larger tributary area at some design point, a revised c value repre¬ 
senting these combined areas must be obtained. Usually the procedure is to take 
a weighted average of all the individual c values of which the larger area is 
composed. For example, in the computation of the flow to be carried by the pipe 
from M-9 to M-8, the tributary area is A + B -P C = 6.46 acres, and the com¬ 
posite vEilue of c will be 

1 c,a, 0.37 X 1.93 + 0.42 X 1.34 -P 0.38 X 3.19 

c = —- = -—- = 0.38 

2 a, 6.46 

At the design location the value of U will be equal to the inlet time at 1-8 plus 
the pipe flow time from 1-8 to M-9 (see Table 6.17), which must be known to 
permit solving the rainfall intensity to be used in computing the runoff from 
composite area A -P B + C. 

7. Using the computed discharge values, select tentative pipe sizes for the approxi¬ 
mate slopes given in colunm 8 of Table 6.17. Once the pipe sizes are known, 
flow velocities between input locations can be determined. Normally, these ve¬ 
locities are approximated by computing the full-flow velocities for maximum dis¬ 
charge at the specified grade. These velocities are then used to compute channel 
flow time for estimating the time of concentration. If, upon completing the hy¬ 
draulic design, enough change has been made in any concentration time to alter 
the design discharge, new values of flow should be computed. Generally, this 
will not be the case. 

8. Using the pipe sizes selected in step 7, draw a profile of the proposed drainage 
system. Begin the profile at the point farthest downstre am , which can be an 
outfall into a natural channel, an artificial channel, or an existing drain, as in the 
case of the example. In constructing the profile, be certain that the pipes have at 








Table 6.17 Computation of Design Pipe Flows for the Storm Drainage System of Example 6.10 





i >< 

S - 
Ei k i. 

d « ^ 

e > 


o ^ 


01 


rN 

p 

p 

— 

p 

in 

n 



o 

00 

o 

p 


rt 


00 

00 

in 

n 

in 

00 

in 

00 

od 

od 


d 

ON 

Os 

ON 

ON 




On 

m 

00 

00 

00 

00 




in 

It 


m 

in 


>n 

in 

00 

o 






CN 

CN 




<N 



CN 




<n 

p 

p 

p 

o 

p 

00 

00 

vq 

o 

q 

p 

q 

p 

in 

q 

o 

00 





<N 





rj 

<s 


d 

rd 



<N 



m 

cn 

cn 

m 

00 

o 

o 

o 

rn 

o 

O 

Os 



o 

m 

o 


p 

0\ 

C\ 

o> 


On 

On 

CTi 


O'! 

<N 

m 

in 

m 

r- 

in 


NO 

rd 

00 

00 

od 

00 

d 

d 

d 


It 



in 

d 


rd 


c5 










O'! 

<N 



m 



" 



On 

On 

o> 

00 

00 

00 

00 

o 

o^ 

ON 

r> 

»n 

ON 

q 

O 

o 

On 


cn 

m 

m 

fn 

<n 

m 


■1+ 

fn 

cn 

m 

ro 

m 



•St 

rr) 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

1 

1 

o 

On 



o 

00 

1 

o 

o 

NO 

o 

o 

o 




1 

1 


NO 


1 


vd 

1 



d 




d 


P c 



Tt 

in 




o 

00 p 
iri \d 


<N 


sd 


in 


r- 

O) 

vd m 


m 


ON 

rn 

n in 


in 


5 


o m ■5t- 

— <N m 

d d d d 


-. — r- 

I (N —I 

I d d d 


00 ts 
0-. Tf 

d d 


ir> 

o 

d 


lO 


IT) 


>ri vn 


£ < 

sa < 


z 

u 2 

f-t 

S U 


^r'r~t^o\vO'OvO'OCN(NO 

~rndrnd'd'dvdcNdo>d 


Q Q 
+ + 


>n <o (N ov 
cNt^r^tsor- 
oi « ri ~ in 


n 






U 

u 

u 


u 

u 


u 




u 





+ 

+ 

+ 


+ 

+ 


+ 




+ 

OQ 


q 


q 

q 

q 


q 

q 


q 



z 

q 

+ 

+ 

+ 


+ 

+ 

+ 


+ 

+ 


+ 



+ 

+ 

< 

< 

< 

u 

< 

< 

< 

Q 

< 

< o 

ffi 

< 

s 

2 

S 

< 


o 

















Os 


00 


so 

vO 

m 

It 

't 

rs 

cn 

m 

Csj 


















r^ 


o 

VO 

os 

00 

r' 

in 

VO 

in *7 

<N 


cn 


fn 

CS 


i 

s 


i 

i 

i 


s 







s 


247 



248 CHAPTER 6 Wasterwater and Stormwater Systems 


I/) 


A 





II 

::x 


o 

n 



Figure 6.19 Profile of part of the Mextex storm drain, showing the hydraulic 
gradient. 


least the minimum required cover. Normally 1.5-2 ft is sufficient. Pipe slopes 
should conform to the surface slope wherever possible. At all manholes indicate 
the necessary change in invert elevation. In this example, where there is no 
change in pipe size through the manhole, a drop of 0.2 ft will be used. Where 
the size decreases upstream through a manhole, the upstream invert will be set 
above the downstream invert a distance equal to the difference in the two diame¬ 
ters. In this way the crowns are kept at the same elevation. A part of the profile 
of the drainage system in the example is given in Fig. 6.19. 

9. Compute the position of the hydraulic gradient along the profile of the pipe. If 
this gradient lies less than 1.5 ft below the ground surface, it must be lowered to 
preclude the possibility of surcharge during the design flow. Note that the value 
of 1.5 ft is arbitrarily chosen here. In practice, local standards indicate the lim¬ 
iting value. Hydraulic gradients may be lowered by increasing pipe sizes, de¬ 
creasing head losses at structures, designing special transitions, lowering the 
system below ground, or a combination of these means. 

Computations for a portion of the hydraulic gradient of the example will now be given. 
Head losses in the pipes are determined by applying Manning’s equation, assuming n = 
0.013 in this example. Head losses in the structures will be determined by using the 
relationships defined in Figs. 6.20 and 6.21. These curves were developed for sur¬ 
charged pipes entering rectangular structures, but may be applied to wye branches, man¬ 
holes, and junction chambers, as pictured on the curves [42]. The A curve is used to find 
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2.4 


Examples 

21 m;^ 


Manhole 


% 


.0, = IS.sVTa 


F, = 5'7, F 2 = 8.1 

q\= 9.3 yi5in.| 

Head losses 



A = 

0.34 


B = 1.02-0.51 

= 0.51 


C = 

0.18 

c 

0 

D = 

0.20 (Fia. D-£) 

4)' 

Total 

1 23 ft loss 

h 

1 f 

Wye branch 

//> 

L 


Qt = 40. <22 = 44 


Vl = 5.7, ^2 = 6.2 


Q2" 



Q\ - Upstream flow (cfs) 

0.2 = Downstream flow (cfs) 

O3 = Incoming volume (cfs) 

Vl = Upstream velocity (fps) 

1^2 = Downstream velocity (fps) 
y/i = Velocity head (ft) 


Loss due to change in 
velocity * y ^.2 - K*., 


“A” minor loss in 
manhole Entrance 
^ loss in manhole 
(or inlet) 


For 33 in and larger 
use “C” curve 

Loss due to 45® 
bend in manhole 
Multiply by 2 0 
for 90“ Deduct 
5 for 22 ^" 

Loss on run at wye 


Loss due to 90* 
bend. Structure 
(deduct 5 for 45“). 
Multiply "C" curve 
loss by I 5 for 
bends with man¬ 
hole or with con¬ 
nection, 2 0 for 
bend structures 
with manhole and 
connection. 


10 


12 


14 


16 


20 


Velocity. V (fps) 

Figure 6.20 Types A. B. and C head losses in structures. (Courtesy of the 
Baltimore County, Maryland, Department of Public Works.) 


entrance and exit losses, the B curve to evaluate the head loss due to an increased ve¬ 
locity in the downstream direction. The loss is designated as the difference between the 
head losses found for the downstream and upstream pipe (V /,-2 ~ Vh-i). In cases where 
the greatest velocity occurs upstream, the difference will be negative and may be applied 
to offset other losses in the structure. The C loss results from a change in direction in a 
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Velocity in upstream pipe, V (fps) 

Figure 6.21 Type D head loss in structures. (Courtesy of the Baltimore 
County, Maryland, Department of Public Works.) 


manhole, wye branch, or bend structure. The D loss is related to the effects produced b; 
the entrance of secondary flows into the structure. Several examples of the use of thesi 
curves are shown in Figs. 6.20 and 6.21. 

Computations for the hydraulic gradient shown in Fig. 6.19 are as follows: 

1. Begin at the elevation of the hydraulic gradient at the upstream end of the exist 
ing 30-in. reinforced concrete culvert pipe (RCCP). This elevation is 105.5C 
The existing hydraulic gradient is shown in Fig. 6.18. 
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2. Compute the head losses in manhole M-1 using Figs. 6.20 and 6.21. 

A loss = 0.36 ft (y = 8.3 fps = Q/A) 

B loss = 0; no change in velocity, V, = Vj 
C loss = 0; no change in direction 
D loss = 0; no secondary flow 
total = 0.36 ft 

The hydraulic gradient therefore rises in the manhole to an elevation of 105.50 + 
0.36 = 105.86 ft, plotted in M-1 in Fig. 6.19. 

3. Compute the head loss due to friction in the 30-in. drain from M-1 to M-2. 
Assume that n = 0.013. Using Manning’s equation, the head loss per linear foot 
of drain is 


2.21R*^ 


and from M-1 to M-2, 


(0.013 X 8.3)^ 
2.21 X 0.534 


0.00986 


The total frictional head loss is therefore 


hf = S X L = 0.00986 X 176 = 1.73 ft 

Elevation of the hydraulic gradient at the downstream end of M-2 is thus 
105.86 + 1.73 = 107.59 ft. This elevation is plotted in Fig. 6.19, where the 
hydraulic gradient in this reach is drawn in. 

4. Compute the head losses in M-2. 

A = 0.36 (y = 8.3 fps) 

B = 1.07 - 0.90 = 0.17 (^2 = 8.3, V, = 7.6 = Q/A for 27-in. drain) 

C = 0.20 X 2.0 (multiply by 2 for 90° bend in manhole—see Fig. 6.20) 
= 0.40 


D = 0.22 for ea/fii = 11.3/30.3 = 37% 

Total head loss in M-2 equals 1.15 ft and the elevation of the hydraulic gradient 
in M-2 is therefore 107.59 + 1.15 = 108.74 ft. 

5. Compute the friction head loss in the section of pipe from M-2 to M-3. 


(0.013 X 6.4)^ 
2.21 X 0.272 


0.0113 


hf = 0.0113 X 37 = 0.42 ft 

The elevation of the hydraulic gradient at the downstream end of M-3 is there¬ 
fore 108.74 + 0.42 = 109.16 ft. Plot this point on the profile and draw the 
gradient from M-2 to M-3. ■ 
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The hydraulic gradient in this example was computed under the assumption of uni¬ 
form flow. In closed-conduit systems, if the pipes are flowing full or the system is sur¬ 
charged (the usual design flow conditions), the method will produce good results. When 
open conduits are used, or in partial-flow systems, the hydraulic gradient can be deter¬ 
mined by computing surface profiles in the manner described in Section 6.2, 

Computations for the remainder of the hydraulic gradient are identical to those just 
given and will not be presented. It should be noted that none of the gradients shown in 
Fig. 6.19 come within 1.5 ft of the surface, so no revisions are needed. If too close to 
the surface, it would be necessary to modify all or a portion of the system to lower the 
gradient. This could be accomplished by reducing head losses, by increasing the depth 
of the system, or both. The choice would depend primarily on cost. 


6.22 Stormwater Detention/Retention 

Historically, stormwater was considered a resource to be disposed of quickly. The notion 
was to remove it from the contributing area as rapidly as possible. More recently, how¬ 
ever, stormwater flows have been looked upon as a resource to be captured and utilized 
for groundwater recharge, recreation, and other purposes and/or detained as a water 
quality control or peak-flow reduction measure. The principal mechanism employed is 
storage. This approach is also consistent with the regulatory policies in many states that 
require storage for water quality control in urban areas [43]. 

The idea behind detention storage is to reduce the rate of delivery of stormwater at 
a discharge point. Retention is employed where no downstream releases are to be made. 
In this case, the volumes of water generated are ultimately infiltrated and/or evaporated. 
Storage requirements for detention and retention basins are estimated by analyzing an¬ 
ticipated storm events. Flows from detention basins are calculated by using standard 
routing techmques [14,43]. Most detention basins have a low-flow outlet and an emer¬ 
gency spillway or other type of control structure for dealing with high flows. Retention 
and detention basins may comprise parking lot storage, earth ponds, concrete tanks, 
depressed park lands, roofs, and capacity within the dr ains themselves. 

Figure 6.22 illustrates a typical detention pond configuration. Note that detention 
basin design and analysis is founded on storage-discharge relationships. If, in Fig. 6.22, 
0, represents the infiow to the pond, Q represents the outflow, and S represents storage 
in the pond, then a continuity equation of the form 

Q. - Q = dS/dt (6.27) 

can be written, where dS/dt is the rate of change of storage with respect to time. If one 
considers that storage increments can be calculated as the product of mean surface area 
of the pond at a specified depth and the depth increment, it can be stated that 

dS dh 

* = Mh)- 

where A (/i) is a relationship equating pond surface area A to a reference depth (or ele¬ 
vation) and dhidt is the rate of change of depth with respect to time. Depth-area rela- 
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tionships for reservoirs can be obtained by developing contours for the reservoir and 
then relating the surface areas contained within these contours to the elevations associ¬ 
ated with them. Incremental volumes can be determined by using average end-area or 
other formulas. Often, a relationship of the form 

A = Kh"' (6.29) 

can be derived relating surface area to depth. In Eq. (6.29), A is the surface area, K and 
m are constants for the site, and h is the depth of water in the reservoir above a reference 
point such as the elevation of the centerline of the outlet [2, 43]. Where the outlet is a 
pipe, as shown in Fig. 6.22, the outflow can be calculated from the orifice equation 

Q = C,AA2ghr (6-30) 

where Q is the outflow, Q is a discharge coefficient, A« is the orifice area, h is the 
elevation above the orifice, and g is the acceleration of gravity. Discharge coefficients 
for submerged pipes behaving as orifices range from about 0.62 to 1.0, depending on 
whether they are sharp edged or well rounded [44]. 

If we insert Eqs. (6.30) and (6.28) in Eq. (6.27), the result is 

Q. = CAoi2ghr = 

Solving for dh/dt, we get 

^ ^ Q, - C,Ao{2ghr 
dt AQi) 

which is the governing diff erential equation for depth as a function of time. Specifying 
the right side of Eq. (6.32) as/(/i, t), then 

dhldt = f{h, t) 


(6.31) 


(6.32) 


(6.33) 
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T his equation can be solved numerically in several ways. The Euler method is described 
here and is applied to the example that follows. This procedure is simple but coarse 
[43,45]. 

If a time step of Af is assumed, then the derivative in Eq. (6.33) can be approxi¬ 
mated as 


dh _ h(t + Af) — h(t) 
dt Af 


(6.34) 


If the right side of Eq. (6.33) is substituted into this relationship for dhidt, the equation 
can be solved for fe(f + Af) as follows: 


/i(f + Af) = h{t) + A(f(/i, f) 


(6.35) 


Note that the function h(f) is always evaluated at time step f rather than at step t + Af. 
Since/(/i, f) is quantified by Eq. (6.32), the calculation of successive values of h can be 
accomplished in an organized and straightforward manner. The procedure is illustrated 
in Example (6.11). 

■ EXAMPLE 6.11 Consider the sketch of Fig. 6.22 and the input hydrograph given in 
column 1 of Table 6.18. In addition, consider that the discharge pipe is 8 in. in diameter 
(0.203 m), that Cj is 0.9, that the pond surface area is related to elevation by the 
expression A = 400/i° '' (where h is the depth above the culvert centerline and A is the 
surface area in ra^), and the initial depth in the pond above the outlet centerline is 0.5 m. 

Solution: A spreadsheet analysis is suggested. For this example, Quattro Pro was 
used. For ease in calculations, we calculate the product of CjAo to be 0.02918. Sub¬ 
stituting this value, the numerical value of the product 2g = (9.8 m/s) X 2 = 19.6, and 
the relationship for h in Eq. (6.32), we get 

^ = 6.(0 - 0.02918(19.6/2)°^ 
dt 400/i“-" 

With this relationship, a solution for successive values of h, at quarter-hour (900-s) time 
steps, can be carried out as illustrated in Table 6.18. In the table, the values in columns 
1 and 2 are given, as is the initial value of depth (0.5 m) in column 3. Column headings 
are described in the table footnotes and follow the terminology of Eqs. (6.27) to (6.35). 
The calculated outflow hydrograph is plotted in Fig. 6.23 along with the inflow hydro- 
graph. It is easy to see from the plot that the inflow rates are significantly attenuated by 
the detention stracture. Note that the drop in outflow at time step 1 occurs because there 
was no inflow at f = 0 and there was already a positive head on the outlet of 0.5 m at 
the start of inflow. Accordingly, the system was draining at that time. ■ 


In the design mode, it is easy to see that for selected inflow sequences and reservoir 
and outlet dimensions, a determination can be made of flow attenuation, and the afore¬ 
mentioned parameters can be modified if the amount of attenuation is unacceptable. 
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Table 6.18 Spreadsheet Detention Pond Analysis 


(1) 

TIME 

(hr) 

(2) 

Q-IN. 

(cms) 

(3) 

Kt) 

(m) 

(4) 

2-OUT 

(cms) 

(5) 

A-SURF 
(sq. m) 

(6) 

dh/dt 

(m/s) 

(7) 

h{t + dt) 
(m) 

0 

0 

0.5 

0.09141 

246.2289 

-0.00037 

0.165882 

0.25 

0.18 

0.16634 

0.052724 

113.9614 

0.001117 

1.17149 

0.5 

0.36 

1.17206 

0.139954 

447.018 

0.000492 

1.615088 

0.75 

0.54 

1.615474 

0.164309 

559.59 

0.000671 

2.219706 

1 

0.72 

2.220068 

0.192617 

699.063 

0.000754 

2.899041 

1.25 

0.9 

2.89938 

0.220122 

842.7012 

0.000807 

3.625486 

1.5 

1.1 

3.625808 

0.246158 

985.4699 

0.000866 

4.405597 

1.75 

0.99 

4.405905 

0.271349 

1129.496 

0.000636 

4.978537 

2 

0.88 

4.978833 

0.288453 

1230.408 

0.000481 

5.411529 

2.25 

0.77 

5.411818 

0.300734 

1304.368 

0.00036 

5.735607 

2.5 

0.66 

5.735891 

0,309607 

1358.566 

0.000258 

5.968013 

2.75 

0.55 

5.968294 

0.315817 

1396,867 

0.000168 

6.119178 

3 

0.44 

6.119456 

0.319792 

1421.54 

8.46E-05 

6.195562 

3.25 

0.33 

6.19584 

0.321781 

1433.937 

5.73E-06 

6.200998 

3.5 

0.22 

6.201274 

0.321923 

1434.817 

-7.1E-05 

6.137343 

3.75 

0.11 

6.137619 

0.320266 

1424.492 

-0.00015 

6.004772 

4 

0 

6.00505 

0.316788 

1402.884 

-0.00023 

5.801819 

4.25 

0 

5.802097 

0.311389 

1369.523 

-0.00023 

5.597464 

4.5 

0 

5.597744 

0.305856 

1335.578 

-0.00023 

5.391638 

4.75 

0 

5.39192 

0.300181 

1301.009 

-0.00023 

5.184264 

5 

0 

5.184549 

0.294352 

1265.778 

-0.00023 

4.975257 

5.25 

0 

4.975544 

0.288357 

1229.839 

-0.00023 

4.764523 

5.5 

0 

4.764812 

0.282185 

1193.142 

-0.00024 

4.551957 

5.75 

0 

4.552249 

0.275819 

1155.628 

-0.00024 

4.337442 

6 

0 

4.337736 

0.269242 

1117.234 

-0.00024 

4.120845 

6.25 

0 

4.121142 

0.262434 

1077.885 

-0.00024 

3.902018 

6.5 

0 

3.902319 

0.255371 

1037.495 

-0.00025 

3.680791 

6.75 

0 

3.681094 

0.248027 

995.9644 

-0.00025 

3.456965 

7 

0 

3.457272 

0.240369 

953.1768 

-0.00025 

3.230313 

7.25 

0 

3.230624 

0.232356 

908.9929 

-0.00026 

3.000567 

7.5 

0 

3.000882 

0.223942 

863.2453 

-0.00026 

2.767405 

7.75 

0 

2.767725 

0.215066 

815.7293 

-0.00026 

2.530441 

8 

0 

2.530766 

0.205654 

766.1898 

-0.00027 

2.289196 

8.25 

0 

2.289527 

0.195607 

714.3023 

-0.00027 

2.043068 

8.5 

0 

2.043406 

0.184794 

659.6419 

-0.00028 

1.791277 


(1) Time sequence 

(2) Inflow data 

(3) Head above outlet centerline—meters 

(4) Outflow calculated using orifice equation 

(5) Surface area of pond cal culate d using power relationship 

(6) dft/dt = (inflow-outflow)/(surface area) 

U)h(t + dt) = h{t) + dt[f(h,t)] 
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Problems 

6.1. Wastewater flows in a rectangular concrete channel 6.0 ft wide and 3.0 ft deep. 
The design flow is 30 cfs. Find the critical velocity. Also find the slope of the 
channel if the flow velocity is to be 2.5 fps. 

6.2. A 16-in. sewer pipe flowing full is expected to carry 5.8 cfs. The n value is 0.011. 
The minimum flow is Vn that of the maximum. Find the depth and velocity at 
minimum flow. 

6.3. The sewage from an area of 400 acres is to be carried by a circular sewer at a 
velocity not less than 2.5 fps. Manning’s n = 0.013. The population density is 
16 persons per acre. Find the maximum hourly and minimum hourly flows. De¬ 
termine the pipe size required to handle these flows and the required slope. 

6.4. Water flows in a rectangular concrete channel 9.5 ft wide and 8 ft deep. The 
channel invert has a slope of 0.10% and the applicable n value is 0.013. The flow 
carried by the channel is 189 cfs. At an intersection of this channel with a canal, 
the depth of flow is 7.1 ft. Find the distance upstream to a point where normal 
depth prevails. Plot the surface profile. 

6.5. A 54-in. sewer (n = 0.013) laid on a 0.17% grade carries a flow of 19 mgd. At 
a junction with a second sewer, the sewage depth is 36 in. above the invert. Plot 
the surface profile back to the point of uniform depth. 

6.6. Determine the minimum velocity and gradient required to transport Vie-in. gravel 
through a 42-in.-diameter pipe, given n = 0.013 and K = 0.05. 
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6.7. An inverted siphon is to carry a minimum dry-weather flow of 1.5 cfs, a maxi¬ 
mum dry-weather flow of 3.7 cfs, and a storm flow of 48.0 cfs in three pipes. 
Select the proper diameters to ensure velocities of 3.0 ^s in all pipes. Make a 
detailed sketch of your design. Assume that the siphon goes under a highway 
with a 3.2-ft drop and is 73 ft long. 

6.8. Given the following 25-yr record of 24-hr maximum annual stream flows (cfs), 
plot on log-probability paper these values versus the percent of years during 
which runoff was equal to or less than the indicated vdue. Find the peak flow 
expected on the average of (a) once every 5 yr, (b) once every 15 yr. 



196 

89 

53 

47 


129 

76 


38 

218 

142 

62 

52 

36 

199 

127 

67 

49 

32 


118 

54 

47 

28 


6.9. Given the following unit storm, storm pattern, and unit hydrograph, determine 
the composite hydrograph. 

Unit storm = 1 unit of rainfall for 1 unit of time 
Actual storm (time units) 12 3 4 

Pattern (rainfall units) 12 4 3 

Unit hydrograph: triangular with base length of 4 time units, time of rise of 1 
time unit, and maximum ordinate of !/a rainfall unit height. 

6.10. Given a unit rainfall duration of 1 time unit, an effective precipitation of 1.5 in., 
the following hydrograph and storm sequence, determine (a) the unit hydrograph 
and (b) the hydrograph for the given storm sequence. 

Storm Sequence 

Time units _ 12 3 4 

Precipitation (in.) 0.4 1.1 1.8 0.9 

Hydrograph 

Time units 1 2 3 4 4.5 5 6 

Flow (cfs) 101 96 218 512 610 580 460 

Time units 7 8 9 10 11 12 13 

Flow (cfs) 320 200 180 100 86 60 50 

6.11. Do Prob. 7.10 if the storm sequence is as follows: 

Time units 12 3 4 


Precipitation (in.) 0.6 1.3 1.5 0.8 
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6.12. Detennine the discharge of a trapezoidal channel having a brick bottom and 
grassy sides, with the following (hmensions; depth - 5 ft, bottom width -11 ft, 
top width -16 ft. Assume S = 0.001. 

6.13. Determine the discharge of a rectangular channel built of concrete with the fol¬ 
lowing dimensions: depth - 6 ft, bottom width -10 ft. Assume S = 0.0015. 

6.14. Given the following data for a 50-year storm, estimate the peak rate of flow to a 
culvert entrance. Consider the rainfall intensity-duration-frequency curves erf 
Fig. 6.13 applicable. The contributing upstream drainage area is 45 acres. The 
overland flow distance is 180 ft and the average land slope is 2.5%. The land use 
of the overland flow portion of the drainage area is lawns, sandy soil. The land 
use for the drainage basin is 75% residential, single-family units and 25% lawns, 
sandy soil with an overall average slope of about 2.7%. A channel leading to the 
culvert is 1900 ft long with a slope of 0.012 ft/ft. The grassed channel is trape¬ 
zoidal with a bottom width of 5 ft and side slopes of 2 ft vertical to 1 ft 
horizontal. 

6.15. Given the following data for a 10-year storm, estimate the peak rate of flow to a 
culvert entrance. Consider the rainfall intensity-duration-frequency curves of 
Fig. 6.13 applicable. The contributing upstream drainage area is 20 acres. The 
overland flow distance is 125 ft and the average land slope is 2.5%. The land use 
of the overland flow portion of the drainage area is lawns, sandy soil. The land 
use for the drainage basin is 75% residential, multiple units, detached, and 25% 
lawns, sandy soil with an overall average slope of about 2.7%. A channel leading 
to the culvert is 2000 ft long with a slope of 0.016 ft/ft. The Manning’s n value 
for the grassed channel is 0.030. The channel is trapezoidal with a bottom width 
of 3 ft and side slopes of 2 ft vertical to 1 ft horizontal. 

6.16. Compute, by the rational method, the design flows for the pipes shown in the 
accompanying sketch: I-l to M-4, M-4 to M-3, M-3 to M-2, M-2 to M-1, and 
M-1 to outfall. A-1 = 2.1 acres, Ci = 0.5; A-2 ^ 3.0 acres, Cj = 0.4; A-3 = 4.1 
acres, = 0.7. Given pipe flow times are 1-1 to M-3, 1 min, and M-3 to M-1, 
1.5 min. 


—^ Outfall 


6.17. Given the data below, design a section of sanitary sewer to carry these flows at a 
m i nimum velocity of 2.5 ^s. Assume that the minimum depth of the sewer be¬ 
low the street must be 8.5 ft and that an n value of 0.013 is applicable. Make a 
plan and profile drawing. {Note: The invert into manhole F must be 937 ft. As¬ 
sume an invert drop of 0.2 ft across each manhole.) 
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Manholes 

Distance between 
manholes (ft) 

Flow 

(gpm) 

Street elevations 
at manholes (ft) 

AtoB 

180 

1200 

A—978 

B toC 

300 

1450 

B—972 

C to D 

450 

2200 

C—964 

DtoE 

300 

2500 

D—958 

EtoF 

400 

3000 

E—954 

F—949 


6.18. For an inlet area of 2.0 acres having an imperviousness of 0.50 and a clay soil, 
find the peak rate of runoff for the 5-, 10-, and 20-yr storms. 

6.19. Using the manhole spacing-elevation data given in Prob. 6.17 and the data be¬ 
low, design a storm drainage system such that manhole A is at the upper end of 
the drainage area and manhole F is replaced by an outfall to a stream. The outfall 
invert elevation is equal to 940.3 ft. Design for the 5-year storm. 


Inflow point 

Incremental area 
contributing to 
inflow point 
(acres) 

Imperviousness 
of areas (%) 

AtoB 

3.0 

41 

B toC 

2.7 

50 

CtoD 

5.3 

55 

D toE 

3.6 

45 

Total area = 

14.6 acres 



6.20. An impounding reservoir is to provide for constant withdrawal of 430 million 
gallons per square mile per year. The following record of monthly inflow values 
was selected from a critical period and was chosen as a basis for design. Find 
the amount of storage required in Mg/mi^ 


Month 

J F M A 

M 

J J A S 0 

N 

D 

Gauged inflow 
(mg/miVmo) 

23 48 53 87 

12 

9 7 1 22 34 

98 

28 


6.21. Given the following storm pattern, unit storm, and unit hydrograph, determine 
the composite hydrograph. 


Unit storm = 1 in. effective rainfall in 1 hr 

Actual storm pattern Time Volume of effective rainfall (in.) 

1:00 


2 



2.5 



7 



3 
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Unit hydrograph (triangular) with base length = 5 hr, time to peak flow = 1.5 hr, 
and maximum ordinate = 0.4 in./hr. 

6.22. Using the derived unit hydrograph from Example 6.8, calculate the storm hydro¬ 
graph for the following rainstorm pattern; time unit 1, rainfall = 1 in.; time 
unit 2, rainfall = 3 in.; time unit 3, rainfall = 2 in. Assume the storm data are 
effective rainfall. 

6.23. The following hydrograph was measured on a creek for a storm that produced a 
total of 1.9 in. of rainfall in 2 hr. Losses due to depression storage, infiltration, 
and interception amounted to 0.4 in. 


Time from beginning 
of storm (hr) 

Discharge (ftVs) 

0 

73 

Storm begins 6 

75 

12 

900 

18 

3400 

24 

4350 

30 

2900 

36 

1450 

42 

600 

48 

450 

54 

375 

60 

250 

66 

180 

72 

135 


A spillway design storm is 10 in. of effective rainfall in 8 hr. Estimaie the inflow 
hydrograph for the design storm. 

6.24. The ordinates of a 2-hr unit hydrograph are given in the following table. Derive 
a 4-hr unit hydrograph from the 2-hr unit hydrograph by (a) the lagging method 
and (b) the S-hydrograph method. 


Time unit 

2-hr unit 
hydrograph 
ordinates 

0 

0 

1 

200 

2 

400 

3 

300 

4 

200 

5 

100 

6 

0 
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^1.25. Find the peak hourly flow in mgd and mVs for a 1000-acre urban area having the 
following features: domestic flows 100 gpcd, commercial flows 15 gpcd, infiltra- 
tiop 650 gpd/acre, and population density 20 persons per acre. 

6.26. A sewer with a flow of 11 cfs enters manhole 2. The distance downstream to 
manhole 3 is 450 ft. The jfinished street surface elevation at manhole 2 is 165.0 ft; 
at manhole 3 it is 162.8 ft. Note that the crown of the pipe must be at least 6 ft 
below the street surface at each manhole. For a Manning’s n — 0.013, find the re¬ 
quired standard si?:e pipe to carry the flow under (a) full flow and (b) one-half full 
flow. The flow velocity must be at least 2 ft/s and must not exceed 10 ft/s. 

6.27. A sewer system is to he designed for the urban area of Fig. 6.8, Street elevations 
at manhole locations are shown on the figure. It has been determined that the 
population density is 50 persons per acre and that ±e sewage contribution per 
capita is 100 gpd. In addition, there is an infiltration component of 658 gpad. 
Local regulations require that no sewers be less than 8 in, in diameter. Assume 
an n value of 0.013. 

6.28. Given an invert elevation of 105.1 for the pipe leaving M-6 in Fig. 6.8, and using 
the pipe sizes determined in Ptob. 6.27, calculate the invert elevations in and out 
of M-5 and M-4 if the street elevation at M-5 is 108.95 ft and at M-4 is 106.82 ft. 

6.29. Solve Prob. 6.27 if the population density is 45 persons per acre and the infiltra¬ 
tion component is 625 gpad. 

6«30. Find the peak hourly flow in mgd and mVs for a 700-acre urban area having the 
following features; domestic flows 100 gpcd, commercial flows 18 gpcd, infiltra¬ 
tion 650 gpd/acre, and population density 25 persons per acre. 

631. A sewer with a flow of 8 cfs enters manhole 2. The distance downstream to 
manhole 3 is 380 ft. The finished street surface elevation at manhole 2 is 135.0 ft; 
at manhole 3 it is 133.9 ft. Note that the crown of the pipe must be at least 6 ft 
below the street surface at each manhole. For a Manning’s n = 0.013, find the re¬ 
quired standard size pipe to carry the flow under (a) full flow and (b) one-half full 
flow. The flow velocity must be at least 2 ft/s and must not exceed 10 ft/s, 

6.32. Modify the data given in Example 6.11 so that the initial depth is 0,6 m and the out¬ 
let pipe is 10 in. in diameter. Use a spreadsheet approach to solve the problem. 

6.33. Solve Prob. 6.32 if the inflows given are all increased by 10%. 
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Water Quality 


Prologue 

The purpose of this chapter is to: 

■ Introduce the standards of quality that must be met by water for dif¬ 
ferent uses 

■ Discuss the types, sources, and effects of microbial and chemical 
pollutants 

■ Acquaint the reader with laboratory tests commonly used to assess 
water quality 


Drinking water is required to meet stringent microbiological and chemical standards of 
quality to prevent waterborne diseases and health risks from toxic chemicals. Hence, 
these subjects are discussed in considerable detail. Quality criteria are equally important 
to protect aquatic life in surface waters from the discharge of conventional and toxic 
pollutants in treated wastewater effluents. This chapter ends with brief descriptions of 
common laboratory tests to provide the reader with a better understanding of the mean¬ 
ing of these water-quality parameters. 


MICROBIOLOGICAL QUALITY 

A variety of pathogens are present in domestic wastewater, with the kinds and concen¬ 
trations relating to the health of the contributing community. Although a reduction of 
pathogens occurs in conventional wastewater treatment, even after chlorination the ef¬ 
fluent still contains persistent pathogens. (For unrestricted water reuse, filtration after 
chemical coagulation and chlorination with an extended contact time are necessary to 
remove all pathogens.) Thus, surface waters downstream from wastewater discharges 
may contain pathogens, and their removal is required in water supply treatment, Since 
testing water samples for pathogens is not practical, nonpathogenic fecal coUform bac¬ 
teria are used as in^cators for the potential presence of pathogens, The following sec¬ 
tions discuss waterborne diseases and coliform bacteria as indicator organisms. 


264 
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7.1 Waterborne Diseases 

Many human diseases are transmitted by the feces of an infected person getting into the 
mouth of another person. This travel from anus to mouth, referred to as the fecal-oral 
route, may be direct from person to person by contaminated fingers or indirect through 
food or water. In addition, some pathogens may reinfect by inhalation of dust or aerosol 
droplets, and a few (notably hookworm) can penetrate through the skin. Some of these 
communicable diseases are endemic in form; that is, they are native to a particular region 
or country. The four major groups of pathogens are vimses, bacteria, protozoans, and 
helminths (worms). 


Pathogens Excreted in Human Feces 

Vimses are obligate, intracellular parasites that replicate only in living hosts’ cells. Be¬ 
ing composed of only complex organic compounds, they lack the metabolic systems for 
self-reproduction. The size range of enteric vimses is 20-100 nm, about Vso the size of 
bacterial cells, and requires electron microscopy for viewing. Human feces contains 
over 100 serotypes of enteric vimses. Of those, the groups listed in Table 7.1 are most 
likely to be transmitted by water. Persons infected by ingesting these vimses do not 
always become ill, but disease is a possibility in persons infected with any of the enteric 
vimses, particularly the hepatitis A vims. Several diseases involving the central nervous 
system, and more rarely the skin and heart, are caused by enterovimses. Waterborne 
outbreaks of infectious hepatitis have occurred, but the most common route of transmis¬ 
sion is by person-to-person contact. Infectious hepatitis may cause diarrhea and jaun¬ 
dice, and result in liver damage. Human beings are the reservoir for all of the enteric 
vimses. 

Bacteria are microscopic single-celled plants that use soluble food and are capable 
of self-reproduction without sunlight. Their approximate range in size is 0.5-5 /nm 
(500-5000 nm). The feces of healthy persons contains 1 to 1000 million of each of the 
following groups of bacteria per gram: enterobacteria, enterococci, lactobacilli, Clos¬ 
tridia, bacteroides, bifidobacteria, and eubacteria. Escherichia coli, the common fecal 
coliform, is in the enterobacteria group. For many bacterial infections of the intestines, 
the major symptom is diarrhea. The most serious waterborne diseases are typhoid fever, 
paratyphoid fever, dysentery, and cholera. Typhoid and paratyphoid result in high fever 
and infection of the spleen, gastrointestinal tract, and blood. Dysentery causes diarrhea, 
bloody stools, and sometimes fever. Cholera symptoms are diarrhea, vomiting, and de¬ 
hydration. While all of these diseases are debilitating and can cause death if untreated, 
their transmission can be controlled by pasteurization of milk, sanitary disposal of 
wastewater, and disinfection of water supplies. 

Protozoans infecting humans are intestinal parasites that replicate in the host and 
exist in two forms. Trophozoites live attached to the intestinal wall where they actively 
feed and reproduce. At some time during the life of a trophozoite, it releases and floats 
through the intestines while making a morphological transformation into a cyst for pro¬ 
tection against the harsh environment outside of the host. This cyst form is infectious 
for other persons by the fecal—oral route of transmission. The cysts are 10-15 /im in 
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Table 7 J Typical Pathogens Excreted in Human Feces 


PATHOGEN 

GROUP AND NAME 

ASSOCIATED DISEASES 

CATEGORYFOR 
TRANSMISSIBILITY" 

Virus: 

Adenoviruses 

Respiratory, eye infections 

I 

Enteroviruses 

Polioviruses 

Aseptic meningitis, poliomyelitis 

I 

Echoviruses 

Aseptic meningitis, diarrhea, 
respiratory infections 

I 

Coxsackie viruses 

Aseptic meningitis, herpangina, 
myocarditis 

I 

Hepatitis A virus 

Infectious hepatitis 

I 

Reoviruses 

Not well known 

I 

Other viruses 

Gastroenteritis, diarrhea 

I 

Bacterium: 

Salmonella typhi 

Typhoid fever 

II 

Salmonella paratyphi 

Paratyphoid fever 

II 

Other salmonellne 

Gastroenteritis 

II 

Shigella spp. 

Bacillary dysentery 

II 

Vibrio cholerae 

Cholera 

II 

Other vibrios 

Diarrhea 

II 

Yersinia enterocolitica 

Gastroenteritis 

II 

Protozoan: 

Entamoeba histolytica 

Amoebic dysentery 

I 

Giardia lamblia 

Diarrhea 

I 

Crytosporidium spp. 

Diarrhea 

I 

Helminth: 

Ancylostoma duodenale 

Hookworm 

III 

(Hookworm) 

Ascaris lumbricoides 

Ascariasis 

m 

(Roundworm) 

Hymenolepis nana 

Hymenolepiasis 

I 

(Dwarf tapeworm) 

Necator americanus 

Hookworm 

III 

(Hookworm) 

Strongyloides stercoralis 

Strongyloidiasis 

III 

(Threadworm) 

Trichuris trichiura 

Trichuriasis 

III 

(Whipworm) 


Source: Adapted from R. G. Feachem, D. J. Bradley, H. Garelick, and D. D. Mara, Sanitation and Disease, 
Health Aspects of Excreta and V/astewater Management; World Bank Studies in Water Supply and Sanita¬ 
tion 3 (Chichester: Wiley, 1983). 

“ I = Nonlatent, low infective dose 
II = Nonlatent, medium to high infective dose, moderately persistent 
ni = Latent and persistent 
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length, significantly larger than intestinal bacteria. The most common protozoal diseases 
are diarrhea and dysentery (Table 7.1). Entamoeba histolytica causes amoebic dysentery 
that is severely debilitating to the human host. (Amoebic dysentery, while common in 
tropical climates, is nontransmittable in temperate climates.) Giardia lamblia causes the 
less severe gastrointestinal infection of giardiasis, resulting in diarrhea, nausea, vomit¬ 
ing, and fatigue. Cryptosporidium species cause diarrhea with variable severity. While 
many infected persons have mild nonspecific symptoms, others have prolonged diarrhea 
with accompanying weight loss. In persons with immunodeficiency syndrome, serious 
diarrhea can cause life-threatening illness. Human beings are the reservoir for both Of 
these infectious protozoans. 

Helminths are intestinal worms that (except for Strongyhides) do not multiply in 
the human host. Therefore, the worm burden in an infected person is directly related to 
the number of infective eggs ingested. The worm burden is also related to the severity 
of the infected person’s disease symptoms. Eggs are excreted in the host’s feces. Of the 
helminths listed in Table 7.1, most can be transmitted by ingestion of contaminated 
water or food after a latent period of several days. Hookworms live in the soil and, after 
molting, can infect humans by penetrating their skin. With a heavy worm infection, the 
symptoms can be anemia, digestive disorder, abdominal pain, and debility. Helnunth 
eggs are commonly 40-60 pva. in length and denser than water. 

Human carriers exist for all enteric diseases. Thus, in communities where a disease 
is endemic, a proportion of the healthy persons excrete pathogens in feces. In some 
infections, the carrier condition may cease along with symptoms of the illness, but in 
others it may persist for months, years, or a lifetime. The earner condition exists for 
most bacterial and viral infections, including the dreaded diseases of cholera and infec¬ 
tious hepatitis. The asymptomatic carriers of Entamoeba histolytica and Giardia lam¬ 
blia are primarily responsible for continued transmission of these intestinal protozoans. 
In light helminthic infections, the human host may have only minor symptoms of illness 
while passing eggs in feces for more than a year. 


Factors Affecting Transmission of Diseases 

The transmission of waterborne diseases is influenced by latency, persistence, and in¬ 
fective dose of the pathogens. Latency is the period of time between excretion of a 
pathogen and its becoming infective to a new host. No excreted viruses, bacteria, and 
protozoans have a latent period. Among the helminths, only a few have eggs or larvae 
passed in feces that are immediately infectious to humans. The majority of helminths 
require a distinct latent period either for eggs to develop to the infectious stage or to 
pass through an intermediate to complete their life cycles. For example, Ascaris lum 
bricoides has a latency of 10 days and hookworms about 7 days. Persistence is mea¬ 
sured by the length of time that a pathogen remains viable in the environment outside a 
human host. The transmission of persistent microorganisms can follow a long route— 
for example, through a wastewater treatment system—and still infect persons located 
remotely from the original host. In general, persistence increases from bactena. the 
least persistent, to protozoans, to vimses, to helminths having persistence measure in 
months. Infective dose is the number of organisms that must be ingested to result m 
disease. Usually, the minimum infective doses for viruses and protozoans are low and 
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less than for bacteria, while a single helminth egg or larva can infect. Median infective 
dose is that dose required to infect half of those persons exposed [1]. 

The transmission characteristics of pathogens can be categorized based on latency, 
persistence, and infective dose, as shown in the right column of Table 7.1. Category I 
comprises infections that have a low median infective dose (less than 100) and are in¬ 
fective immediately upon excretion. These infections are transmitted person to person 
where personal and domestic hygiene are poor. Therefore, control of these diseases re¬ 
quires improvements in personal cleanliness and environmental sanitation, including 
food preparation, water supply, and wastewater disposal. Category II comprises all bac¬ 
terial diseases having a medium to high median infective dose (greater than 10,000) and 
are less likely to be transmitted by person-to-person contact than category I infections. 
In addition to the control measures given for category I, wastewater collection, treat¬ 
ment, and reuse are of greater importance, particularly if personal hygiene and living 
standards are high enough to reduce person-to-person transmission. Category III con¬ 
tains soil-transmitted helminths that are both latent and persistent. Their transmission is 
less related to personal cleanliness since these helminth eggs are not immediately infec¬ 
tive to human beings. Most relevant is the cleanliness of vegetables grown in fields 
exposed to human excreta by reuse of wastewater for irrigation and sludge for fertiliza¬ 
tion. Effective wastewater treatment is necessary to remove helminth eggs, and sludge 
stabilization is necessary to inactivate the removed eggs. 

Waterborne Diseases in the United States 

Waterborne disease outbreaks are not a major cause of illness in the United States. The 
number of outbreaks reported during the 35-year period of 1946-1980 was 672, which 
affected more than 150,000 persons [2]. Based on a served population of 150,000,000, 
this is only an average illness rate of 4400 persons per year throughout the country 
or about 1 per 34,000 persons per year. During the 10-year period of 1971-1980, 
121 outbreaks occurred in 65,000 community systems for an average of 1.9 per 10,000 
community systems per year, and 157 outbreaks occurred in 150,000 noncommunity 
systems for an average of 1.0 per 10,000 systems per year. 

The causative agent was not determined in half of the waterborne disease outbreaks 
reported [2]. The most common identified bacterial diseases were gastroenteritis (sal¬ 
monellosis) and dysentery (shigellosis). Gastroenteritis is an inflammation of the lining 
membrane of the stomach and intestines, and dysentery is diarrhea with bloody stools 
and sometimes fever. The most serious viral disease identified as waterborne is infec¬ 
tious hepatitis, resulting in loss of appetite, fatigue, nausea, and pain. The most charac¬ 
teristic feature of the disease is a yellow color that appears in the white of the eyes and 
skin, hence the common name jaundice. None of the outbreaks of waterborne infectious 
hepatitis have occurred in municipal water systems. For 1991 and 1992,34 disease out¬ 
breaks associated with drinking water were reported, affecting an estimated 17,000 
persons [3]. Five of the 34 were in community systems and the remaining 29 in camp¬ 
grounds, resorts, recreation areas, restaurants, and private systems. Of the 11 outbreaks 
for which an etiologic agent was determined, a protozoal parasite (Giardia lamblia or 
Cryptosporidium) was identified in seven. The remaining 4 were hepatitis A, Shigella 
sonnei, or chemicals. For 1993 and 1994, 30 outbreaks associated witfi drinking water 
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were reported, affecting an estimated 405,000 persons [4]. This unusually large number 
of affected persons was the result of 403,000 cases of gastrointestinal illness in a large 
city resulting from Cryptosporidium parvum in the lake-water source. Oocysts were 
identified in both the raw and treated waters. Failure of adequate chemical coagulation 
and filtration was primarily attributed to inadequate operation, even though the treated 
water met all existing state and federal water quality standards in effect at that time. Of 
the 25 outbreaks for which an etiologic agent was determined, 10 were caused by Giar- 
dia lamblki or Cryptosporidium parvum, 8 were caused by chemical poisoning, 3 by 
Campylobacter jejuni, 2 by Shigella spp., and one each by Vibrio cholerae and Salmo¬ 
nella. Eight of the outbreaks occurred in community systems and the remainder in pri¬ 
vate homes, resorts, and other noncommunity establishments. 

Giardiasis is a common waterborne protozoal disease characterized by diarrhea that 
usually lasts one week or more and may be accompanied by abdominal cramps, bloat¬ 
ing, flatulence, fatigue, and weight loss. A unique feature of giardiasis is transmission 
to humans through beavers serving as amplifying hosts. In mountainous regions, beavers 
have been infected by upstream contamination with human excreta containing G. lam- 
blia. After being infected, they return millions of cysts to the water for every one in¬ 
gested, amplifying the number of Giardia cysts in clear mountain streams. Outbre^s 
of disease have occurred in downstream resorts and towns where the water supplies 
withdrawn from these streams were not properly treated to remove the cysts. 

Cryptosporidiosis is mild to severe diarrhea for which no effective remedial treat¬ 
ment is known. Cryptospo) idi'cm oocysts have been found in surface waters contami¬ 
nated by runoff containing cattle and sheep feces; hence, waterborne disease in humans 
has been attributed to infected livestock. As with Giardia cysts, oocysts are persistent 
in nature and much more resistant to chlorination than are bacteria and viruses. Removal 
of oocysts in water treatment requires effective chemical coagulation and granular 
media filtration. As an aside, these two parasitic diseases are also readily transmitted by 
contaminated food, resulting in traveler’s diarrhea, and many reported cases are from 
person-to-person transmission, e.g., among diapered children and workers at day care 

centers. . . ... 

Although all of these waterborne gastrointestinal diseases can stress sensitive indi¬ 
viduals, they are not like the dreaded bacterial diseases of cholera and typhoid that re 
suited in hundreds of deaths in the United States during the early years of this century. 
“During the 35-year period since 1946 the rate (of deaths resulting from waterborne 
disease outbreaks) has been reduced to one death per year. [2] 


7.2 Coliform Bacteria as Indicator Organisms 

Public water supplies, reclaimed waters, and wastewater effluents are not tested for path 
ogens to determine microbiological quality. Laboratory analyses for pa ogens are i 
ficult to perform, quantitatively unreliable, and, for some pathogenic nucroorganisms, 
impossible to perform. Therefore, the microbial quality is based on testing for an indi¬ 
cator organism, i.e., a microorganism whose presence is evidence that the water has been 

polluted with feces of humans or warm-blooded animals. 

Nonpathogenic fecal coliform bacteria, as typified by Escherichia coli {E. colt). 
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that reside in the human intestinal tract are excreted in large numbers in feces, averaging 
about 50 million coliforms per gram. Untreated domestic wastewater generally contains 
more than 3 million coliforms per 100 ml. Pathogenic microorganisms causing enteric 
diseases in humans originate from fecal discharges of diseased persons. Consequently, 
water contaminated by fecal pollution is identified as being potentially dangerous by the 
presence of coliform bacteria. Hence, coliform bacteria are indicator organisms of fecal 
contamination and the possible presence of pathogens. Nevertheless, some genera of the 
coliform group of bacteria found in water and soil are not of fecal origin but grow and 
reproduce on organic matter outside the intestines of humans and animals. These coli- 
forms indicate neither fecal contamination nor the possible presence of pathogens. In 
laboratory testing, the term total coliforms refers to coliform bacteria from feces, soil, 
or other origin, and fecal coliforms refers to coliform bacteria from human or warm¬ 
blooded animal feces. If a sample of drinking water tests positive for total coliforms in 
lauryl tryptose broth at 35°C, the growth is aseptically transferred to a culture tube 
containing EC medium and incubated at 44.5° C to confirm or deny the presence of fecal 
coliforms. 

Testing directly for Escherichia coli has been recommended as the preferred and 
most specific indicator of microbial water quality [5]. A positive total coliform test by 
the genus Klebsiella rather than E. coli can be caused by presence of biological organic 
carbon (bio-fouling) in distribution piping. Also, approximately 15% of Klebsiella are 
thermotolerant and can result in a false positive test for presence of fecal coliforms when 
E. coli is not present [5]. 

The reliability of coliform bacteria to indicate the presence of pathogens in water 
depends on the persistence of the pathogens relative to coliforms. For pathogenic bac¬ 
teria, the die-off rate is greater than coliforms outside the intestinal tract of humans. 
Thus, exposure in the water environment reduces the number of pathogenic bacteria 
relative to coliform bacteria. Viruses, protozoal cysts, and helminth eggs are more per¬ 
sistent than coliform bacteria. For example, the threshold chlorine residual effective as 
a bactericide may not inactivate enteric vimses, is ineffective in killing protozoal cysts, 
and cannot harm helminth eggs. In contrast, filtration through natural sand aquifers for 
a sufficient distance, or granular media in a treatment plant after chemical coagulation, 
can entrap cysts and eggs because of their relatively large size while allowing viruses to 
be carried through suspended in the water. In surface water treatment, coliforms are a 
reliable indicator of the safety of the processed water for human consumption, provided 
the treatment includes chemical coagulation and filtration to remove cysts, eggs, and 
suspended matter for effective chlorination of the clear water to inactivate viruses and 
kill bacteria. In a similar manner, coliforms can be used as an indication of water quality 
for reuse of reclaimed wastewater, provided the treatment processes physically remove 
the persistent protozoal cysts and helminth eggs. 

Escherichia coli 0157 :H7, which is pathogenic to humans, is an antibiotic- 
resistant mutant strain found in the feces of infected cattle. The primary health concerns 
have been with contaminated ground beef, raw milk, unpasteurized fruit juices, and 
person-to-person transmission. The only waterborne outbreak of E. coli 0157: H7 (with 
243 case patients and 4 deaths) occurred in 1987 in a co mmuni ty with a population of 
2090 [6]. Contamination of the water was attributed to wastewater entering distribution 
piping during repair of water-main breaks. 
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Drinking Water Standards 

The maximum contaminant level goal (MCLG) in the Safe Drinking Water Act is zero 
coliforms. The recommended testing procedure is the presence-absence test, which 
does not provide a coliform count. 

The maximum contaminant level (MCL) allows for a limited number of positive 
samples because of inadvertent contamination. Coliform bacteria are common in the 
natural environment—for example, on dirty water faucets, on the hands of the person 
collecting the water sample, and in dust and soil. Even with careful sampling proce¬ 
dures, an occasional water sample is likely to test positive for coliform bacteria of non- 
fecal origin. When a positive test occurs, multiple repeat samples are required to identify 
whether the contamination is actual or inadvertent, and the positive sample is tested 
further to determine if the coliforms are fecal coliforms. 

The number of water samples tested for monitoring a public water supply is based 
on the population served. For a population under 1000, one sample per month is re¬ 
quired; from 1000 to 100,000, one sample per 1000 population is required per month; 
above 100,000, the number of samples required is less than one per 1000 population. 
For a population under 33,000, only one sample may test positive per month for total 
coliforms for no violation and, above 33,000, no more than 5.0% may test positive. 
Violation of this MCL requires public notification and an evaluation to determine the 
source of contamination and risk of contamination with pathogens. 

The Safe Drinking Water Act rules also specify the disinfection treatment of public 
water supplies in addition to the coliform MCL of the water in the distribution system. 
The regulations on treatment technique are to ensure removal of pathogens more persis¬ 
tent than coliform bacteria during treatment. Strictly speaking, the coliform standard for 
drinking water applies only after proper treatment and disinfection of water supplies. 
(Sections 11.23 -11.25 present the treatment techniques specified by the Environmental 
Protection Agency for disinfection of public water supplies.) 

Wastewater Effiuent Standards 

Conventional treatment removes 99-99.9% of pathogenic microorganisms in the raw 
wastewater; however, the effluent still contains significant concentrations of excrete 
vimses, bacteria, protozoal cysts, and helminth eggs. The kinds of pathogens in the 
wastewater depend on the health of the contributing human population. If discharged to 
recreational waters, effluents are generally chlorinated at dosages in the range o 
15 mg/1 with a minimum contact time of 30 min at peak hourly flow. Satisfactory ef¬ 
fluent disinfection is normally defined by an average fecal coliform count of 200 per 
100 ml or less. This is a reduction from about 1,000,000 per 100 ml in the biologically 
treated effluent. The safety of disposing of chlorinated effluent by dilution m siMace 
water is based on the argument that this reduction eliminates the great majority o ac 
terial pathogens and inactivates large numbers of viruses. In fact, viruses an 
may be harbored and protected in suspended organic matter (allowable suspended solids 
in a secondary effluent is 30 mg/1), and protozoal cysts and helminth eggs are resistant 
to chlorination. (For further discussion, refer to Section 11.26.) 

Adequate disinfection for unrestricted reuse of wastewater effluents requires re¬ 
moval or inactivation of all pathogens. The processes following biologica treatment are 
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tertiary filtration to physically remove helminth eggs, protozoal cysts, and suspended 
solids and long-term chlorination to inactivate viruses and bacteria. The tertiary scheme 
may be conventional coagulation-sedimentation-filtration or direct filtration without 
sedimentation. The subsequent disinfection requires rapid mixing of the chlorine fol¬ 
lowed by a long contact time (usually about 2 hr) in a tank simulating plug flow. The 
common effluent standard for unrestricted reuse for irrigation is 2.2 fecal coliforms per 
100 ml and a turbidity of less than 2 NTU (nephelometric turbidity unit). (For further 
discussion, refer to Section 11.27.) 


CHEMICAL QUALITY OF DRINKING WATER 

Drinking water standards of the U.S. Environmental Protection Agency (EPA) apply to 
all public water supply systems that have at least 15 service connections or that regularly 
serve an average of 25 or more individuals daily at least 60 days a year. Risk assessment 
is the process applied in developing standards for toxic chemicals. The primary stan¬ 
dards, which are approval limits for health, are specified for inorganic chemicals, or¬ 
ganic chemicals, radionuclides, and turbidity. Secondary standards that recommend 
limits, for aesthetics include inorganic chemicals, dissolved salts, corrosivity, color, 
and odor. 


7.3 Assessment of Chemical Quality 

Treated drinking water can contain trace amounts of toxic chemicals often so low in 
concentration that predicting an observable effect on human health is difficult. Reliable 
information on the toxicity to humans of most chemicals is difficult to obtain, since it 
must usually be based on uncontrolled accidental or occupational exposures. Therefore, 
data from long-term animal studies are applied to evaluate chronic exposure and carcin¬ 
ogenic risk to humans. 

Risk Assessment 

Risk assessment is the scientific evaluation of toxic chemicals, human exposure, and 
adverse health effects. Identification of a hazard results from exploratory studies on 
laboratory animals or case reports of actual human exposure. Based on the inference of 
toxicity, dose-response relationships are determined on laboratory animals between 
specific quantities of the substance and associated physical responses, such as growth of 
tumors, birth defects, or neurologic deficits. Then follows an evaluation of exposure and 
assessment. The purpose is to describe the magnitude and duration of exposure to hu¬ 
man populations both in the past and anticipated in the future. Finally, a quantitative 
estimate of risk to humans is predicted from the expected exposure levels by applying a 
dose-response model. If human exposure data are not available, which is often the case, 
the quantitative estimate is a hypothetical risk based on dose-response data from studies 
of laboratory animals. 

Risk assessment has been used extensively for estimating the risk of developing 
cancer [7] and is now being applied to assess risks to development, reproduction, and 
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neurologic functioning [8]. Development effects include embryo and fetal death, growth 
retardation, and malfunctions. Developmental toxicity studies are very complex, and 
applying results to risk assessment remains problematic. Also highly complex is repro¬ 
ductive toxicity affecting any event from germ cell formation and sexual functioning in 
the parents through sexual maturation of the offspring. Neurotoxicity in humans ranges 
from cognitive, sensory, and motor impairments to immune system deficits. Numerous 
chemicals, including many pesticides, are known neurotoxins. 


Chronic Noncarcinogenic Toxicity 

For noncarcinogens and nonmutagens, human exposure should be less than the thresh¬ 
old level causing chronic disease. The acceptable daily intake (ADI) of a noncarcino¬ 
genic che mi cal is defined as the dose anticipated to be without lifetime risk to humans 
when taken daily, expressed in milligrams of chemical per kilogram of body weight per 
day. It is an empirically derived value arrived at by combining exposure knowledge and 
uncertainty concerning the relative risk of a chemical. 

The ADI is based on toxicity data from chronic (long-term) feeding studies of labo¬ 
ratory animals to identify the highest no-observed-adverse-effect level (NOAEL). The 
dosage of a toxin given to laboratory animals is assumed to be physiologically equiva¬ 
lent to humans on the basis of body weight. (Typical weights are 0.3 kg for a rat, 10 kg 
for a dog, and 70 kg for an adult human.) In other words, the intake per unit body weight 
of a rat or dog is equated to the intake per unit body weight of a human. After determin¬ 
ing the NOAEL in animals, an uncertainty factor (safety factor) is applied to reduce the 
allowable human intake to account for uncertainties involved in extrapolating from am- 
mals to humans. The uncertainty factors used in calculating acceptable daily intakes for 
establi shin g drinking water standards are a factor of 10 when chronic human exposure 
data are available and are supported by chronic oral toxicity data in ammal species; a 
factor of 100 when good chronic oral toxicity data are available in some animal species 
but not in h umans ; and a factor of 1000 with limited chronic ammal toxicity data [9]. 
Since calculated intake is based on the total amount of chemical ingested, the safe level 
for drinking water must account for intake from other sources, i.e., food and air. Finally, 
the ADI allowed in drinking water is converted from body weight to concentration in 
water by ass umin g the average human adult weighs 70 kg (154 lb) and consumes 2 liters 
of water per day. 

The following equation summarizes the concept of acceptable daily intake: 


where 


^ (NOAEL, mg/kg’d)(70 kg) 

~ (UF)(21/d) 

ADI = acceptable daily intake in drinking water, mg/1 
NOAEL = no-observed-adverse-effect level based on laboratory 
animal toxicity data, mg/kg'd of animal body weight 
70 kg = body weight of an adult human 
UF = uncertainty factor in the range of 10-1000 
21/d = daily adult water consumption 


(7,1) 
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In drinking water regulations, the ADI is expressed as the MCL. For some chemicals, 
the MCL may be further reduced by allocating only a portion of the ADI to water, with 
other common sources being food and air. 

For example, consider the chemical aldicarb, which is a systemic insecticide with 
high mammalian toxicity. This chemical is used on cotton with only a few registered 
uses on food crops, including potatoes, peanuts, and sugar beets. By oral dose, it inhibits 
blood cholinesterases that are enzymes responsible for hydrolyzing esters of choline. 
The NOAEL on both rats and dogs was established as 0.1 mg/kg-d. From Eq. (7.1) 
with an uncertainty factor of 100, the ADI equals 0.035 mg/1. Then, assuming 20% of 
the intake apportioned to water, the allowable concentration becomes 0.007 mg/1 or 
Ifig/im. 

The ADI is a judgment regarding acceptable levels of chronic exposure to a chemi¬ 
cal and is neither an estimate of risk nor a guarantee of absolute safety [9]. The ADI 
concept is not recommended for evaluating the intake of organic chemicals that are 
suspected carcinogens. 

Carcinogenic Toxicity 

The development of cancer appears to have three distinct stages: initiation, promotion, 
and progression. Each stage is influenced by such factors as age, heredity, diet, meta¬ 
bolic activity, and exposure to carcinogenic chemicals. The most widely used tests for 
carcinogen evaluation are long-term animal bioassays. 

The hazard of ingesting a chemical assessed as a confirmed or suspected carcinogen 
can be evaluated in terms of dose-related risk. The two major problems in assessing risk 
are (1) extrapolation from observed risks in relatively high exposure levels used in labo¬ 
ratory animal studies to the low levels of exposure in humans and (2) extrapolation of 
th6 estimated risk from laboratory animals to humans. The assessment based on high- 
dose animal bioassay to low-dose human exposure further suffers from a lack of basic 
knowledge concerning the disease process in animals and humans and the total lack of 
data regarding potential synergistic and antagonistic reactions of chemicals. 

The estimate of risk from results of animal bioassays is made by first converting 
the laboratory animal dose to the physiologically equivalent human dose. One method 
of conversion is on the basis of relative skin areas of test animals and the human body. 
This is justified from the observation that effects of acute toxicity in humans on a dose 
per unit of body surface area are in the same range as those in experimental animals [7]. 
The linearized multistage mathematical model, based on the one-hit theory of cancer 
initiation, is generally used for low-dose risk estimation [7]. Although its application 
cannot be proved or disproved by current scientific data, it is considered the best avail¬ 
able model that yields an estimate of risk representing a plausible upper limit. The actual 
risk is not likely to be higher than the risk predicted by this model. 

For example, consider the insecticide lindane, which is related to tumorigenic ef¬ 
fects observed in laboratory mice and neurologic impairment in humans. The risk esti¬ 
mate in humans at a concentration in drinking water of 1.0 /ig/1 and dail y consumption 
of 1 1/d is between 3.3 X lO"® and 8.1 X lO'® [7]. (Most experts agree that current 
technologies for assessing cancer and neurotoxicity risk c ann ot generate a single precise 
estimate of human risk, and risks are best expressed in terms of ranges or confidence 
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intervals.) The upper 95% confidence estimate of risk at the same chemical dose is from 
5.6 X 10"* to 13 X 10"*. These risk estimaies are expressed as the probability of cancer 
after a lifetime consumption of 1 liter of water per day containing 1.0 /ig/1 of chemical. 
The MCL for lindane is 0.0002 mg/1. With 2.0 1/d water consumption at an MCL of 
0.2 /x.g/1, the numerical risks decrease to 0.4 of the values for 1.01/d and 1.0 /tg/l. They 
become 1.3 X 10"* to 3.2 X 10"* and 2.2 X 10"* to 5.2 X 10"*. The average value of 
3.0 X 10"* means that 70-yr lifetime exposure to lindane would be expected to produce 
one excess case of cancer for every 340,000 persons exposed. 

For an example of carcinogenic risk assessment, refer to the discussion of chloro¬ 
form in Section 11.21. 


7.4 Chemical Contaminants 

The chemicals listed in Table 7.2 are currently regulated in drinking water by the EPA. 
Retaining the chemicals on this list and/or the associated maximum contaminant levels 
depends on the results of ongoing risk assessments. A chemical may be deleted when 
fiiture studies lack convincing evidence of risk to human health, or the use of the chemi¬ 
cal may be banned, resulting in significantly reduced presence in water. On the other 
hand, new chemicals may be added, resulting fi'om additional risk assessments. In the 
future, drinking water standards are likely to be flexible, with continuous adjustments to 
keep up with the changing chemical enviroiunent. (A reader interested in a specific 
con taminan t is advised to contact the EPA, or state regulatory agency, to confirm the 
most recent regulatory status and MCL.) 

The MCL is an enforceable standard for protection of human healA. Monitoring 
requirements are specific, with a prescribed schedule of routine sampling and check 
sampling to confirm the results if an MCL is exceeded. The fiiequency of sampling 
varies from every 3 years for chemicals in groundwater to every 3 months for selected 
chemicals in treated surface waters. Testing is performed in an approved laboratory by 

Table 7.2 Chemical Drinking Water Standards, Maximum Contaminant Levels 
in Milligrams per Liter____ 


INORGANIC CHEMICALS 


Arsenic 

0.05 

Mercury (inorganic) 

0.002 

Barium 

2. 

Nickel 

0.1 

Cadmium 

0.005 

Nitrate (as N) 

10. 

Chromium (total) 

0.1 

Nitrite (as N) 

1. 

Copper 

tt» 

Nitrate + Nitrite 

10. 

Fluoride * 

4.0 

Selenium 

0.05 

Lead 

TP 

Thallium 

0.002 

Asbestos 7 million fibers/liter (longer than 10 fita) 



VOT .ATn.E ORGANIC CHEMICALS 


Benzene 

0.005 

Ethylbenzene 

0.7 

Carbon tetrachloride 

0.005 

Monochlorobenzene 

0.1 

Chlorobenzene 

0.1 

Styrene 

U.i 

cofutnues to next page 
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Table 7.2 Continued 


VOLATILE ORGANIC CHEMICALS continued 

Dichloromethane 

0.005 

Tetrachloroethylene 

0.005 

p-Dichlorobenzene 

0.075 

1,2,4-Trichlorobenzene 

0.07 

o-Dichorobenzene 

0.6 

Toluene 

1. 

1,2-Dichloroethane 

0.005 

1,1,1 -Trichloroethane 

0.2 

1,1 -Dichloroethylene 

0.007 

1,1,2-Trichloroethane 

0.005 

CIS-1,2-Dichloroethylene 

0.07 

Trichloroethylene 

0.005 

trans- 1,2-Dichloroethylene 

0.1 

Vinyl chloride 

0.002 

1,2-Dichloropropane 

0.005 

Xylenes (total) 

10. 

SYNTHETIC ORGANIC CHEMICALS 


Acrylamide 

TT" 

Ethylene dibromide 

0.00005 

Alachlor 

0.002 

Glyphosate 

0.7 

Aldicarb 

0.003 

Heptachlor 

0.0004 

Aldicarb sulfone 

0.002 

Heptachor epoxide 

0.0002 

Aldicarb sulfoxide 

0.004 

Hexachlorobenzene 

0.001 

Atrazine 

0.003 

Hexachlorocyclopentadiene 

0.05 

Carbofiaran 

0.04 

Lindane 

0.0002 

Chlordane 

0.002 

Methoxychlor 

0.04 

Dalapon 

0.2 

Oxamyl (Vydate) 

0.2 

Di(2-ethylhexyl)adipate 

0.4 

PAHs [benzo(a)pyrene] 

0.0002 

Dibromochloropropane 

0.0002 

Pentachlorophenol 

0.001 

Diethylhexyl phthalate 

0.006 

Picloram 

0.5 

Dinoseb 

0.007 

Polychlorinated biphenyls 

0.0005 

Diquat 

0.1 

Simazine 

0.004 

Endothall 

0.1 

Toxaphene 

0.003 

Endrin 

0.002 

2,4-D 

0.07 

Epichlorohydrin 

TT“ 

2,4,5-TP (Silvex) 

0.05 

2,3,7,8-TCDD (Dioxin) 

0.00000003 (3 X 10-») 



TRIHALOMETHANES 


Total trihalomethanes 

0.10 interim, 0.08 proposed 



RADIONUCLIDES 


Radium-226 


20pCi/l 


Radium-228 


20pCi/l 


Gross alpha particle activity 


15 pCi/1 


Beta particle and photon radioactivity 

4 mrem/yr 


Radon 


300pCi/l 


Uranium 


20 pg/I 




TURBIDITY 


Turbidity “ 0.5 NTU 


“Treatment technique (TT) requires modification or improvement of water processing to reduce the contami¬ 
nant concentration. 


‘Many states require public notification at least annually of fluoride in excess of 2.0 mg/1 to warn consumers 
of potential dental fluorosis. 

“Turbidity is a performance standard in filtration treatment of surface waters to ensure removal of Giardio 
lamblia cysts. 
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specified methods. The MCLG is a nonenforceable health goal. MCLs are set as close 
to MCLGs as feasible based on best control management, treatment technology, and 
other means while considering cost. 

Generally, the MCLG for a carcinogenic chemical is zero. Treatment technique 
rather than an MCL is specified for selected chemicals. Acrylamide and epicUorohydrin 
are used during water treatment in flocculants to decrease turbidity. The treatment tech¬ 
nique requirements limit the concentration of these chemicals in polymers and their 
application. 

The regulation of specific MCLs depends on the kind of water system. All of the 
standards are applicable to community systems and nontransient systems that supply 
water to the same people for a long period of time, e.g., schools and factories. Transient 
systems that serve different people for a short time (e.g., campgrounds, parks, and high¬ 
way rest stops) are required to meet only the MCLs of those contaminants with health 
effects caused by short-term exposure. 

Inorganic Chemicals 

The sources of trace metals are associated with the natural processes of chemical weath¬ 
ering and soil leaching and with human activities such as mining and manufacturing. 
Corrosion in distribution piping and customers’ plumbing can also add trace metals to 
tap water. 

Arsenic, barium, cadmium, chromium, mercury, nickel, selenium, and thallium are 
toxic metals affecting the internal organs of the human body. Arsenic is widely distrib¬ 
uted in waters at low concentrations, with isolated instances of higher concentrations in 
well waters. It is also found in trace amounts in food [7]. Barium, one of the alkaline 
earth metals, occurs naturally in low concentrations in most surface waters and in many 
treated waters [7]. Cadmium can be introduced into surface waters in amounts signifi¬ 
cant to human health by imp roper disposal of industrial wastewaters. Nevertheless, the 
major sources are food, cigarette smoke, and air pollution; hence, the MCL is set so that 
less than 10% of the total intake is expected to be from water consumption. The health 
effects of cadmium can be acute, resulting from overexposure at a high concentration, 
or chronic, caused by accumulation in the liver and renal cortex. 

Chromium is amphoteric and can exist in water in several valence states. The con¬ 
tent in natural waters is extremely low because it is held in rocks in essentially insoluble 
trivalent for ms . Acute systemic poisoning can result from high exposures to hexavalent 
chromium; trivalent is relatively innocuous. Mercury is a scarce element in nature and 
has been banned for most applications with environmental exposure, such as mercurial 
fungicides. The biological magnification of mercury in freshwater food fish is the most 
significant hazard to human health. The mercury becomes available in the food chain 
through the transformation of inorganic mercury to organic methylmercury by micro¬ 
organisms present in the sediments of lakes and rivers. Toxicity via the oral route is 
related mainly to methylmercury compounds rather than to inorganic mercury salts or 
metallic mercury. Symptoms of methylmercury poisoning include mental disturbance, 
ataxia, and impairment of speech, hearing, vision, and movement. Selenium is a trace 
metal naturall y occurring in soils derived from some sedimentary rocks. Surface streams 
and groundwater in seleniferous regions contain variable concentrations. Cattle grazing 
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on seleniferous vegetation suffer from “blind staggers.” Effects on human health have 
not been clearly established—a low-selenium diet is beneficial, whereas high doses can 
produce undesirable physical manifestations. 

Lead exposure occurs through air, soil, dust, paint, food, and drinking water. Lead 
toxicity affects die red blood cells, nervous system, and kidneys, with young children, 
infants, and fetuses being most vulnerable. Depending on local conditions, the contri¬ 
bution of lead from drinking water can be a minor or major exposure for children. Lead 
is not a natural contaminant in surface waters or groundwaters and is rarely in source 
water. It is a corrosion by-product from high-lead solder joints in copper piping, old 
lead-pipe goosenecks connecting the service lines to the water main, and old brass fix¬ 
tures. Lead pipe and brass fixtures with high-lead content are not installed today, and 
lead-free solder has replaced the old 50% lead—50% tin solder in water piping. Since 
dissolution of lead requires an extended contact time, lead is most likely to be present 
in tap water after being in the service connection piping and plumbing overnight There¬ 
fore, the first-flush sample concentration is the highest expected, and if it is less than 
0.015 mg/1, no corrective action is required. 

Copper, as an indicator of corrosivity, has a no-action level of 1.3 mg/1 in first-flush 
samples. (Refer to Section 11.32 for a discussion of corrosion of lead pipe and solder.) 

Fluoride, the naturally occurring form of fluorine, is coimnonly found in trace 
amounts in most soil and rock. Groundwaters usually contain fluoride ion dissolved 
from geologic formations. Surface waters generally contain smaller amounts, under 
0,3 mg/1, except when contaminated by industrial wastes. Excessive concentration 
of fluoride in drinking water causes the dental disease of fluorosis, also referred to as 
mottling. This disease in mildest form results in very slight, opaque whitish areas on 
some of the posterior teeth. With greater severity, the fluorosis is widespread and the 
color of the teeth is gray to black. Absence or low concentration of fluoride in drinking 
water results in a high incidence of dental caries in children’s teeth. The optimum fluo¬ 
ride concentration in drinking water protects teeth from decay without causing notice¬ 
able fluorosis. Food is another source of fluoride in the diet; however, as a contributor 
of fluorides, many studies have shown that the average dietary intake with food is a 
constant amount throughout the United States. Hence, the dental effect of fluoride re¬ 
sults primarily from the concentration in the pubhc water supply. Since water con¬ 
sumption is influenced by climate, the recommended optimum concentrations listed in 
Table 7.3 are based on the annual average of the mayirri nTi n daily air temperatures. Cities 


Table 7.3 Recommended Optimum Concentrations 
of Fluoride Based on the Annual Average of the Maximum 
Daily Air Temperatures 


TEMPERATURE RANGE 
CF) 

RECOMMENDED OPTIMUM 
(mg/1) 

53.7 and below 

1.2 

53.8 to 58.3 

1.1 

58.4 to 63.8 

1.0 

63.9 to 70.6 

0.9 

70.7 to 79.2 

0.8. 

79.3 to 90.5 

0.7 
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with water supplies deficient in natural fluoride have successfully provided supplemen¬ 
tal fluoridation to optimum levels to reduce the rate of dental decay in children [10]. 

Nitrate is the common form of inorganic nitrogen found in water solution. In agri¬ 
cultural regions, heavy fertilizer application results in unused nitrate migrating down 
into the groundwater. As a result, groundwater withdrawn by private and public wells is 
likely to have measurable concentrations of nitrate, and in the same regions well waters 
in man y rural communities can exceed the recommended limit of 10 mg/1 of nitrate 
nitrogen. Surface waters can be contaminated by nitrogen from both discharge of mu¬ 
nicipal wastewater an d drainage from agricultural lands. The health hazard of ingesting 
excessive nitrate in water is infant methemoglobinemia. In the intestine of an infant, 
nitrate can be reduced to nitrite that is absorbed into the blood, oxidizing the iron of 
hemoglobin. This interferes with oxygen transfer, resulting in cyanosis and giving the 
baby a blue color. During the first 3 months of age, infants are particularly susceptible. 
Incidents of infan t methemoglobinemia are extremely rare since most mothers in re¬ 
gions of known high-nitrate drinking water use either bottled water or a liquid formula 
requiring no dilution. Methemoglobinemia is readily diagnosed and rapidly reversed by 
injecting methylene blue into the infant’s blood. Healthy adults are able to consume 
large quantities of nitrate in drinking water without adverse effects. The principal 
sources of nitrate in the average adult diet are saliva and vegetables, amounting to about 
130 mg/day [7]. Two liters per day at 10 mg/1 equals only 20 mg/day. Justified by 
epidemiological evidence on the occurrence of methemoglobinemia in infants, the stan¬ 
dard of 10 mg/I is the maximum contaminant level for water with no observed adverse 
health effects. 

Organic Chemicals 

In the evaluation of organic chemicals, EPA groups them into three categories, depend¬ 
ing on the evidence of carcinogenicity. Category I chemicals are probable human carcin¬ 
ogens, based on human or animal risk assessment, and are assigned MCLGs of zero. 
Category II chemicals are not regulated as human carcinogens, but the MCLGs are 
lower than MCLs based on inconclusive evidence of carcinogemcity. Category III chem¬ 
icals causing chronic disease without evidence of carcinogenicity are given MCLs based 

on the acceptable daily intake. - , j- 

The MCLs of chemicals are set as close to the MCLGs as feasible, including the 
feasibility of laboratory testing. Gas chromatography has high sensitivity and reliability 
in detecting concentrations down to a few micrograms per liter, therefore, for many 
carcinogenic and highly toxic chemicals the MCLs are set at the lowest level of qu^- 
titative measurement achievable in a good laboratory. For example, several of evo a 
tile organic chemicals considered carcinogens have MCLGs of zero and MCU ot 
0.005 mg/1, which is the practical quantitative level of measurement. This quantity of 
chemical in drinking water is extremely small. The amount of 
sumed by a person in a lifetime of 70 years at 2 liters per day is 1.1001 (13,500 gal), tot 

a concentration of 0.005 mg/1, the amount of organic chemical.added to Aisqu^t^ of 

water would be 3 to 7 drops, depending on the specific gravity of the chemical. Thus, 
the MCL allows the ingestion of only about 5 drops of a carcinogenic chemical m a 
person’s lifetime. 
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Volatile organic chemicals (VOCs) are produced in large quantities for use in in¬ 
dustrial, conunercial, agricultural, and household activities. The adverse health effects 
of VOCs include cancer and chronic effects on the liver, kidneys, and nervous system. 
Because of their volatility, air stripping is a proposed method of removal from water 
(Section 11.36). Volatility also reduces their concentrations in surface waters. Ground- 
water contamination is more common because VOCs have little affinity for soils and are 
diminished only by dispersion and diffusion, which is often limited. Those most fre¬ 
quently detected in contaminated groundwaters are trichloroethylene, a degreasing sol¬ 
vent in metal industries and a common ingredient in household cleaning products; 
tetrachloroethylene, a dry-cleaning solvent and chemical intermediate in producing 
other compounds; carbon tetrachloride, used in the manufacture of fluorocarbons for 
refrigerants and solvents; 1,1,1-trichloroethane, a metal cleaner; l,2-dichloroethane,an 
intermediate in the manufacture of vinyl chloride monomers; and vinyl chloride, used 
in the manufacture of plastics and polyvinyl chloride resins. 

Many of the synthetic organic chemicals listed in Table 7.2 are insecticides and 
herbicides. Pesticides may be present in surface waters receiving mnoff from either 
agricultural or urban areas where these chemicals are applied. Groundwaters can be 
contaminated by pesticides, manufacturing wastewaters, spillage, or infiltration of rain¬ 
fall and irrigation water. Alachlor, aldicarb, atrazine, carbofuran, ethylene dibromide, 
and dibromochloropropane have been detected in drinking waters. Most pesticides can 
be absorbed into the human body through the lungs, skin, and gastrointestinal tract. 
From acute exposure, the symptoms in humans are dizziness, blurred vision, nausea, 
and abdominal pain. Chronic exposure of laboratory animals indicates possible neuro¬ 
logic and kidney effects and, for some pesticides, cancer. 

Trihalomethanes 

Trihalomethanes (THMs) are produced by chlorination of surface waters and ground- 
waters containing natural organic substances from decaying vegetation, such as humic 
and fulvic acids. THMs are derivatives of methane in which three of the four hydrogen 
atoms have been replaced by three atoms of chlorine, bromine, or iodine. Chloroform is 
the THM most commonly found in drinking water and is usually present in the highest 
concentration. In some cases, brominated THMs dominate as a result of naturally oc¬ 
curring bromide in the water. Bromide ions are oxidized by aqueous chlorine to bro¬ 
mine, and, since it is more reactive, bromine substitutions can dramatically increase the 
total THM level. The general reaction producing THMs is 

Chlorine + (bromide ion or iodide ion) + precursors 

= trihalomethanes and other halogenated compounds 

The reactions are not instantaneous but continue for an extended period of time follow¬ 
ing chlorination of the water. (For further discussion, refer to Section 11.21.) 

The MCL for total THMs is based on a 12-month r unnin g average value rather than 
a single test. A minimum of four water samples is collected quarterly from the distri¬ 
bution system, 25% from extremities and 75% based on population distribution. The 
total THM concentration in each sample is the sum of the concentrations of CHChi 
CHBrClj, CHBr 2 Cl, and CHBra. The quarterly reported value is the arithmetic average 
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of the total THM content of all samples. Finally, the contaminant level is calculated by 
averaging these quarterly values with the measured levels from the previous three 
quarters. 


Radionuclides 


Radioactive elements decay by emitting alpha, beta, or gamma radiation caused by 
transformation of the nuclei to lower energy states. An alpha particle is the helium 
nucleus (2 protons + 2 neutrons); e.g., radon-222 decays to poloiiium-218 and emits 
helium-4. A beta particle is an electron emitted from the nucleus as a result of neutron 
decay; e.g., radium-228 decays to actimum-228 and emits y8“. In these processes, the 
helium nucleus emitted as an alpha particle or the electron ejected as a beta particle 
changes the parent atom into a different element. A gamma ray is a form of electromag¬ 
netic radiation; other forms are light, infrared and ultraviolet radiations, and x rays. 
G amma decay involves only energy loss and does not create a different element. Alpha, 
beta, and gamma radiations have different energies and masses, thus producing different 
effects on matter. Each is capable of knocking an electron from its orbit around the 
nucleus and away from the atom, which is a process referred to as ionization. Radiation 
is detected by ionization, and high-reactive ions taken into the human body can lead to 


deleterious health effects, such as cancer. 

The ability to penetrate matter varies among nuclear radiations. Most alpha parti¬ 
cles are stopped by a single thickness of paper, while most gamma rays pass though the 
human body, as do x rays. Since alpha particles are stopped by shoh penetrations, more 
energy is deposited and does more damage per unit volume of matter receiving radiation. 

Radioactivity in drinking water can be from natural, or artificial radionuclides. 
Radium-226 is usually found in groundwater as a result of geologic conditions. Radio¬ 
activity from radium is widespread in surface waters because of fallout from testing of 
nuclear weapons. In some localities this radioactivity could be increased by small re¬ 
leases from nuclear power plants and industrial users of radioactive materials. The av¬ 
erage amount of background radiation from cosmic rays and terrestrial sources is about 
100 mrem/yr [11]. Only a small portion of this unavoidable background radiation 

comes from drinking water containing radionuclides. ^ ^ 

The recommended allowable dose from radioisotopes in drinking water supplies is 
very low. If a water supply were constituted in such a way as to contain either average 
or likely amounts of radioactivity, a total-body dose of 0.244 mrem/yr would be accu 
mulated [7]. This is less than 1% of background. Although the dose to bone would 
considerably higher, because strontium and radium are bone seekers, even this dose 
constitutes less than 10% of the total average natural background [7]. Estimates were 
made of three possible types of risks that could be induced by this magmtude of radia¬ 
tion: developmental and teratogenic, genetic, and somatic. Although a developing fetus 
is sensitive to radiation, this low dosage delivered from drinking water unng ® 
sitive periods of gestation is so small that no measurable effects o e ra lation wi 
found [71. The lowest dose level at which any effect has been reported is 3 mrem ay or 
1100 mrem/yr, in contrast to 0.244 mrem/yr. For genetic risk to tte gene^ population 
the maximum permissible dose of artificial radiation is 170 mrem/yr, excluding me* 

uses of radiatiL This amounts toaS-rem genetic dose in each 30-yrgenerauon, which 
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is insignificant in increasing the current incidence of genetic diseases [7]. The natural 
background of radiation can be estimated to cause 4.5 -45 fatal cases of cancer per year 
per million people, depending on the risk model used to make the calculation. Less than 
1% of this is attributed to radionuclides in drinking water [7]. 

The National Academy of Sciences concluded that the radiation associated with 
most water supplies is such a small proportion of the normal background that it is diffi¬ 
cult, if not impossible, to measure any adverse health effects with certainty. In a few 
water supplies, however, radium can reach concentrations that pose a higher risk of bone 
cancer for the people exposed [7]. Because of the many uncertainties of the environ¬ 
mental effects, the EPA has adopted the MCLs given in Table 7.2. 

The measurement unit of pCi/1 is lO"’^ curie per liter, with a curie being the activity 
of 1 g of radium. The rem (radiation equivalent man) is a unit of radiation dose equiva¬ 
lence that is numerically equal to the absorbed dose in rad multiplied by a quality factor, 
to describe the actual damage to tissue from the ionizing radiation. The mremis 1/1000 
of a rem. The rad is the unit of dose or radiation absorbed. One rad deposits 100 ergs of 
energy in I g of matter. 

In testing, gross alpha activity that could include radium radiation is determined 
first. If the value is greater than 20 pCi/1, separate tests for Rd-226 and Rd-228 are 
conducted. Beta activity is primarily from artificial radionuclides, e.g., contamination 
from nuclear weapons testing. The screening test is gross beta particle activity, since the 
decay products of fission are beta and gamma emitters. If the measurement is less than 
50 pCi/1, tritium and strontium-90 activities are determined and converted to mrem/yr 
units. If the gross beta 'activity is greater than 50 pCi/1, analyses are performed to iden¬ 
tify the radionuclides p.^esent to determine the mrem/yr. 


Turbidity 

Insoluble particulates impede the passage of light through water by scattering and ab¬ 
sorbing the rays. This interference of light passage is referred to as turbidity. The stan¬ 
dard is a suspension of silica of specified particle size selected so that a l.O-mg/l 
suspension measures as 1.0 NTU. The common method of measurement uses a photo¬ 
electric detector and nephelometry to measure the intensity of scattered light. In surface 
water filtration for treatment of drinking water, turbidity in the filtered water must be 
equal to or less than 0.5 NTU in at least 95% of the measurements taken each month. 


Secondary Standards 

Standards for aesthetics are recommended for characteristics that render the water less 
desirable for use: they are not related to health hazards and are nonenforceable by 
the EPA. 

Excessive color, foaming, or odor cause customers to question the safety of drinking 
water and result in complaints from users. Chloride or sulfate ion concentrations greater 
than 250 mg/1, or dissolved solid concentrations greater than 500 mg/1, can have taste 
and laxative properties. Sodium sulfate and magnesium sulfate are laxatives, with the 
common names of Glauber salt and Epsom salt, respectively. The laxative effect may be 
noticed by travelers or new consumers drinking waters high in sulfates; however, most 
persons become acclimated in a relatively short time . Excessive dissolved salts can also 
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affect the taste of coffee and tea brewed with the water. For persons on a sodium- 
restricted diet, which is usually 2000 mg of sodium per day, the recommended maxi¬ 
mum concentration in their drinking water is 100 mg/1 [7]. For a severely restricted diet 
of 500 mg of sodium per day, the recommended maximum concentration is 20 mg/I of 
sodium ion. 

Iron and manganese above 0.3 mg/1 and 0.05 mg/1, respectively, are objectionable 
because of brown stains imparted to laundry and porcelain and the bittersweet taste of 
iron. A noocorrosive water with an alkaline pH is desirable to reduce the probability of 
pipe corrosion contributing iron and other trace metals to the water by dissolution from 
water mains and plumbing. 


QUALITY CRITERIA FOR SURFACE WATERS 

All surface waters should be of adequate quality to support aquatic life and be aestheti¬ 
cally pleasing. Additionally, if needed as a source of supply, the water should be treat¬ 
able by conventional processes to provide a potable supply meeting the drinking water 
standards. Many lakes, reservoirs, and rivers are also maintained at a quality suitable for 
swimming, water skiing, and boating. 


7.5 Pollution Effects on Aquatic Life 

A normal, healthy stream or lake has a balance of plant and animal life represented by 
great species diversity. Pollution disrupts this balance, resulting in a reduction in the 
variety of individuals and dominance of the surviving orgamsms. Complete absence of 
species normally associated with a particular habitat reveals extreme degradation. Of 
course, biological diversity and population counts are meamngful only if existing com¬ 
munities in a polluted environment are compared to those normally present in that par¬ 
ticular habitat. Fish are good indicators of water quality, and no perennial river can be 
considered in satisfactory condition unless a variety of fish can survive in it. 

Being an end product of the aquatic food chain, fish reflect both satisfactory water 
quality and a suitable habitat for food supply, shelter, and breeding sites. Even though 
depletion of dissolved oxygen is commonly blamed, poisons appear to cause the most 
damage to plant and animal life in surface waters. The effects of toxins are frequently 
magnified by environmental conditions; for example, temperature has a direct influence 
on morbidity. At a given concentration of toxin, a rise of 10 C generally halves the 
survival time of fish; poisons therefore become more lethal in rivers during the summer. 
Many toxic substances become more lethal with decreasing dissolved oxygen content. 
Also, the rate of oxygen consumption of fish is altered by the presence of tojuns, and 
their resistance to low oxygen levels can be impaired. The pH of a water within the 
allowable range of 6.5-9 can influence some poisons. The dissolved salt content can 
also influence toxicity, particularly the presence of calcium, which reduces the adverse 
effect of some heavy metals. For example, cadmium, copper, lead, nickel, and zinc de¬ 
crease in toxicity with increased hardness in the water. 

Poisonous effects on fish life also relate to the character of the watercourse, species 
of fish, and season of the year. During the winter fish are much more resistant because 
of the cold water. The rapid rise of temperature in spring and hot periods m summer 
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create critical times when fish are susceptible to unfavorable conditions and likely to 
die. During spawning even slight pollution can cause damage to salmon and trout. 

Acute toxic effects (24-16-hr exposure) have been studied for most toxic pollut¬ 
ants. In contrast, few data are available on chronic toxicity. Applying a safety factor to 
the median lethal concentration can result in a criterion that is either too conservative or 
unsafe for long-term exposure. Chronic effects often occur in the species population 
rather than in the individual. If eggs fail to develop or the sperm does not remain viable, 
the species would be eliminated from an ecosystem because of reproductive failure. 
Physiologic stress can make a species less competitive, resulting in a gradual population 
decline or absence from an area. The same phenomenon could occur if a cmstaceanthat 
serves as a vital food during the larval period of a fish’s life is eliminated. Finally, bio¬ 
logical accumulation of certain toxins can result in acute effects in fish that are the 
ultimate consumers in the aquatic food chain. 


7.6 Conventional Water Pollutants 

The common pollutants are biochemical oxygen demand (BOD), suspended solids, fecal 
conforms, pH, ammonia nitrogen, phosphoms, oil and grease, euid chlorine residual. For 
these pollutants the EPA has developed water quality criteria consisting of numerical 
limits; their rationale is based on bioassays of aquatic organisms [12], Bioassays are the 
best method for determining safe concentrations of conventional pollutants to aquatic 
organisms. Test species, usually fish, are exposed to various concentrations of a pollut¬ 
ant in water for a specified time span of 96 hr or less in laboratory tanks. The median 
lethal concentration (LCgo) is the level that kills 50% of the test organisms. The maxi¬ 
mum allowable toxin concentration in surface waters is usually between 0.1 and 0.01 of 
the LCjo value. The uncertainty factor of 10-100 is to account for long-term exposure 
and other constituents already present in the river water creating additional physiologic 
stresses. These criteria may be modified to take into account the variability of local 
waters in establishing state standards. 

Water quality standards associate particular numerical limits with the designated 
beneficial uses for specific surface waters, thus recognizing that use and criteria are 
interdependent. Local conditions commonly considered are natural background levels 
of pollutants and other constituents such as hardness, the presence or absence of sen¬ 
sitive aquatic species, characteristics of the biological community, temperature and 
weather, flow characteristics, and synergistic or antagonistic effects of combinations of 
pollutants. In general, EPA criteria are considered conservative estimates of pollutant 
concentrations that can be safely tolerated by a general ecosystem, whereas state stan¬ 
dards address site-specific pollution problems. 

State water quality standards also provide the basis for effluent standards through 
the National Pollutant Discharge Elimination System (NPDES) permit program. The 
EPA requires each state to establish effluent limitations and performance standards for 
sources of water pollution, including wastewater treatment plants, industries, power 
plants, and confined agricultural operations. Effluent limits allow discharge of a speci¬ 
fied amount of conventional pollutants and either limit or prohibit emission of toxic 
pollutants. Depending on the uses of dilutional capacity of the receiving watercourse, 
other conventional pollutants commonly limited by an NPDES permit are fecal coli- 
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forms, residual chlorine, ammonia nitrogen, and oil and grease. Phosphorus discharge 
is controlled where the receiving water is a lake or estuary subject to eutrophication, 

NPDES effluent standards for secondary treatment for all community wastewaters 
have been specified by the Environmental Protection Agency. For both BOD and 
suspended-solids concentrations, the arithmetic mean of values for 24-yr composite 
samples collected in a period of 30 consecutive days must not exceed 30 mg/1 and 
the arithmetic mean of values in any period of 7 consecutive days must not exceed 
45 mg/1. Furthermore, the removals of BOD and suspended solids must be at least 85%. 
For concentrations of oil and grease, the arithmetic mean must exceed neither 10 mg/1 
for any period of 30 days nor 20 mg/1 for any period of 7 days. Effluent pH must remain 
within the limit of 6.0 to 9.0. 

The dissolved-oxygen standard establishes lower limits to protect propagation of 
fish and other aquatic life, enhance recreation and reduce the possibility of odors result¬ 
ing from decomposition of organic matter, and maintain a suitable quality for water 
treatment. The primary pollutant associated with depletion of dissolved oxygen is car¬ 
bonaceous BOD. In addition, sedimentation of suspended solids can cause a buildup of 
decomposing organic matter in sediments, and dissolved ammonia can contribute to 
oxygen depletion by nitrification. Fish vary in their oxygen requirements according 
to species, age, activity, temperature, and nutritional state. In general, the minimum 
dissolved-oxygen level needed to support a diverse population of fish is 5 mg/1. Cold- 
water fish require stringent limitations, 6 mg/1 with a minimum of 7 mg/1 at spawning 
times, and warm-water species, being more tolerant, need 4-5 mg/1. A typical mini¬ 
mum standard for water supply, recreation, and shellfish harvesting is 4 mg/1. The EPA 
criteria are a minimum 5.0 mg/1 for freshwater aquatic life and maintenance of aerobic 
conditions thr ou gh out a body of water for aesthetic considerations [12]. 

Suspended solids interfere with the transmission of light and can settle out of sus¬ 
pension, covering a streambed or lake bottom. Turbid water interferes with recreational 
use and aesthetic enjoyment. Excess suspended solids adversely affect fish by 
their growth rate and resistance to disease, preventing the successful development offish 
eggs and larvae, and reducing the amount of food available. Settleable solids^venng 
the bottom damage invertebrate populations and fill gravel spawning beds. The EPA 
criterion states that solids should not reduce the depth of the compensation point (pene 
tration of sunlight) for photosynthetic activity by more than' 10% from the seasonally 


established norm for aquatic life [12]. j v. • 

Oil and grease contaminants include a wide variety of organic compounds having 
different physical, chemical, and toxicological properties. Common sources are petro¬ 
leum derivatives and fats from vegetable oil and meat processing. Domestic water sup- 
pUes need to be virtually free from oil and grease, particularly from the testes and odors 
that emanate from petroleum products. Surface waters should be free o ® 

oils. Based on EPA criteria, individual petrochemicals should not exceed 0,01 
median lethal concentration that kills 50% (LC50) of a specific aquatic species unng an 

exposure period of 96 hr [12]. . 

Fecal conform bacteria indicate the possible presence of pathogenic organisms. 

The correlation between coliforms and humm 

solute, however, since these bacteria can originate ftom the eceso o 

other warm-blooded animals. Coliforms from the intestind tract of a human c^not te 
distinguished from those of animals. Therefore, the sigmficance of testing in polluuon 
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surveys depends on a knowledge of the river basin and probable source of the observed 
fecal coliforms. The EPA criterion for fecal coliform bacteria in bathing waters is a 
logarithinic mean of 200 per 100 ml, based on a minimum of five samples taken over a 
30-day period, with not more than 10% of the total samples exceeding 400 per 100 ml. 
Since shellfish may be eaten without being cooked, the strictest coliform criterion ap¬ 
plies to shellfish cultivation and harvesting. The EPA criterion states that the mean fecal 
coliform concentration should not exceed 14 per 100 ml, with not more than 10% of the 
samples exceeding 43 per 100 ml. 

Residual chlorine resulting from disinfection of wastewater effluents is very toxic 
to fish. When chlorine is added to wastewater, chloramines are formed by reacting with 
ammonia. These can be eliminated in wastewater effluents by the addition of a reduc¬ 
ing agent such as sulfur dioxide [12]. The EPA criteria for total chlorine residual are 
2.0 yu,g/l for salmonid fish and 10.0 fxglX for other freshwater and marine organisms. 

Unionized ammonia is toxic to fish and other aquatic animals. When ammonia 
dissolves in water, a portion reacts with the water to form ammonium ions (NH 4 '^) with 
the balance remaining as un-ionized ammonia (NH3). The concentration of un-ionized 
ammonia increases with increasing pH, increases with increasing temperature, and de¬ 
creases with decreasing ionic strength. The EPA criterion for freshwater aquatic life is 
0.02 mg/1 of un-ionized ammonia, which is based on salmonid fish [12]. This value was 
calculated by applying a safety factor of 10 to the lowest reported lethal concentration 
(LCso) of 0.2 mg/1 of un-ionized ammonia nitrogen for rainbow trout fry. Since un¬ 
ionized ammonia cannot be measured, its concentration in water is based on the mea¬ 
sured concentration of total ammonia (NH3 + NH4+). Values of total ammonia nitro¬ 
gen that result in concentrations of 0.02 mg/1 of un-ionized ammonia for 20° C are 
5.1 mg/1 at pH 7.0, 1.6 at pH 7.5, 0.52 at pH 8.0, and 0.18 at pH 8.5 [12]. For more 
tolerant fish species these maximum allowable concentrations are very conservative. 
Interpretation of bioassay data on warm-water species suggests that the acute toxic con¬ 
centration of ammonia at the gill surface is 0.4 mg/1 [13]. Using a safety factor of 5 
yields a no-elfect un-ionized anunonia concentration of 0.08 mg/1. Values of total am¬ 
monia nitrogen that result in concentrations of 0.08 mg/1 of un-ionized ammonia for 
20°C and an alkalinity of 200 mg/1 are 23 mg/t at pH 7.0, 9.0 at pH 7.5, 5.0 at pH 8.0, 
and 2.3 at pH 8.5 [13]. 

Controversy over ammonia criteria results firom the high concentration of ammonia 
nitrogen in treated effluents from municipal wastewater plants. After biological treat¬ 
ment without nitrification, an average domestic wastewater contains 24 mg/1 of ammo¬ 
nia nitrogen (Table 12.1). The dilution ratio of ammonia-free water in a receiving 
watercourse at pH 8.0 to wastewater effluent containing 24 mg/1 to protect warm-water 
fish is 3.8; for cold-water salmonid fish the required dilution ratio is 23.5. Ammonia can 
be converted to nitrate to reduce the effluent concentration by additional aeration in 
biological treatment. This nitrification process, usually a second stage of aeration, adds 
significant cost to wastewater treatment. 

The pH of surface waters is specified for protection of fish life and to control un¬ 
desirable chemical reactions, such as the dissolution of metal ions in acidic waters. 
Many substances increase in toxicity with changes in pH. For example, the ammonium 
ion is shifted to the much more poisonous form of un-ionized amm onia as the pH of 
water rises above neutrality. The EPA criteria for pH are 6.5-9.0 for freshwater aquatic 
life, 6.5-8.5 for marine aquatic life, and 5-9 for domestic water supplies [12]. 


i 
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Phosphate phosphorus is a key nutrient stimulating excessive plant growth—both 
weeds and algae—in lakes, estuaries, and slow-moving rivers. Cultural eutrophication 
is the accelerated fertilization of surface waters arising from phosphate pollution asso¬ 
ciated with discharge of wastewaters and agricultural drainage. Since phosphate removal 
is feasible by chemical precipitation in wastewater treatment, effluent permits for mu¬ 
nicipal and industrial discharges to lakes, or streams that flow into lakes, commonly 
limit the concentration to 1.0 mg/1 of phosphate phosphorus; that is equivalent to about 
85% removal from domestic wastewater. For lakes in the northern United States to be 
free of algal nuisances, the generally accepted upper concentration limit in impounded 
water when completely mixed in the spring of the year is 0.01 mg/1 of orthophosphate. 


7.7 Toxic Water Pollutants 

Numerous organic chemicals and several inorganic ions, mostly heavy metals, are clas¬ 
sified as toxic water pollutants. To qualify as a priority toxin, a substance must be an 
environmental hazard and known to be present in polluted waters. Toxicity to fish and 
wildlife may be related to either acute or chronic effects on the organisms themselves or 
to humans by bioaccumulation in food fish. Persistence in the environment (including 
mobility and degradability) and treatability are also important factors. Currently, theEPA 
list of priority toxic pollutants consists of over 100 substances. While some are well- 
documented toxins, others have limited data supporting their hazard in the environment. 

The majority of the toxic pollutants can be categorized into 10 gcoups. Halogenated 
aliphatics are used in fire extinguishers, refrigerants, propellants, pesticides, and sol¬ 
vents. Health effects include damage to the central nervous system and liver. Phenols 
are industrial compounds used primarily in production of synthetic polymers* pigments, 
and pesticides and occur naturally in fossil fuels. They impart objectionable taste and 
odor at very low concentrations, taint fish flesh, and vary in toxicity depending on 
chlorination of the phenolic molecule. Monocyclic aromatics (excluding phenols and 
phthalates) are used in the manufacture of chemicals, explosives, dyes, fungicides, and 
herbicides. These compounds are central nervous system depressants and can cause 
damage to the liver and kidneys. Ethers are solvents for polymer plastics. They arc 
suspected carcinogens and aquatic toxins. Nitrosamines, used in production of organic 
chemicals and rubber, are suggested carcinogens. Phthalate esters are used in prodiw 
tion of polyvinylchloride and thermoplastics. They are an aquatic toxin and cm be 
biomagnified. Polycyclic aromatic hydrocarbons are in pesticides, herbicides, an pe 
troleum products. Pesticides of concern are those that biomagnify in the food chain an 
are persistent in nature; chlorinated hydrocarbons are common in tlus group of 
cides. Aldrin, dieldrin, and chlordane applications are already restricted by ^ EPA. 
Polychlorinated biphenyls (PCBs) were banned froin production in 1979. They are 
readily assimilated by the aquatic environment and still persist in sediments and nsn, 
PCBs were used in electric capacitors and transformers, paints, plastics, insecticides, 
and other industrial products. Heavy metals vary in toxicity, and some are su ject to 

biomagnification. . , .v j- u 

The general goal of wastewater treatment in the NPDES is to reduce the discharge 

of toxic pollutants to an insignificant level. Toxicity reduction evaluation of a treatment 
plant is the first step. For municipal plants, the objectives are to evaluate operation and 
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performance to identify and correct treatment deficiencies causing effluent toxicity; 
identify the toxic substances in the effluent; trace the toxins to their sources in the waste- 
water collection system; and implement appropriate remedial measures to reduce efflu¬ 
ent toxicity. 

Chemical Evaluation of Effluent 

Gross toxicity of a wastewater effluent is evidenced in the receiving watercourse by a 
reduction in species diversity. Presence of a poison disrupts the normal balance of plant 
and animal life, which is represented by a great variety of individuals. Complete absence 
of species normally associated with a particular aquatic habitat is evidence of severe 
degradation. Obviously, a fish kill is an example associated with extreme acute toxicity 
from the discharge of a lethal quantity of a poison. Periodic upset of the biological 
process in wastewater treatment is an indication of industrial toxins being discharged 
to the sewer collection system and passing through the treatment plant. If the evidence 
of toxicity is less dramatic, the presence of toxins in a wastewater effluent may be 
unnoticed. 

The conventional approach, if toxicity is indicated, is to test effluent samples for 
specific substances. This can be very costly unless the toxins likely to be present can be 
reduced to a reasonable number. Initial tests should be for those substances related to 
wastes from industries served by the sewer system. After the toxic pollutants have been 
quantitatively identified, the NPDES permit is modified to ensure protection of aquatic 
life in accordance with appropriate criteria [14]. Remedial measures must be taken by 
industrial pretreatment and improved municipal treatment to meet the revised effluent 
standards. Mandatory monitoring for toxins in the effluent is established by the NPDES 
discharge permit. Potential deficiencies of this analytical approach through chemical 
analyses are the possible presence of undetected toxins and combinations of synergistic 
toxins. 


Biomonitoring of Effluent 

A bioassay to determine toxicity is performed by exposing selected aquatic organisms 
to wastewater effluent in a controlled laboratory environment [15]. The bioassay screen¬ 
ing test for acute toxicity is a compliance investigation within the NPDES program. In 
the static test, effluent is placed in laboratory containers, the test organisms added, and 
the units held in a controlled environment with termination after 24 hr. A control test in 
prepared water is conducted in parallel for quality assurance of the test organisms and 
test procedures. An enhanced bioassay method is the flow-through test in which fresh 
effluent is continuously supplied to the laboratory containers with continuous outflow. 
The effluent is usually a 24-hr composite sample that has been filtered, aerated, and 
stabilized at a temperature of 20° C fortesting warm-water species ( 12 ° C for cold-water 
species). 

From the several recommended species of vertebrates and invertebrates, the com¬ 
mon warm-water test organisms are fathead minnow (Pimephales promelas) and cla- 
docera (Daphina). The fathead minnow, a popular bait fish, feeds primarily on algae 
and grows to an average length of 50 mm with a normal life span less than 3 years. 
Daphina are invertebrates that feed on algae, grow to a maximum length of 4—6. mm, 
and have a life span of 40—60 days. Ten to 20 of each species are tested in several 
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containers under controlled temperature, light intensity, dissolved oxygen, pH, and food 
supply. The results of a screening test are expressed as percentages of surviving min¬ 
nows and cladocera. 

Definitive bioassays are conducted for longer test periods at effluent dilutions in a 
geometric series, such as 100%, 50%, 25%, 12.5%, and 6.25%. For chronic toxicity, the 
recommended test durations are extended to 7 days by renewing the diluted effluent 
waters every 24 hr in static tests or continuously in the flow-through tests [16]. The 
dilution w^ter is a synthetic moderately hard water or filtered water from the receiving 
watercourse upstream from the wastewater discharge. Based on the results, the no= 
observed-effect concentration (NOEC) is determined for effluent in the diluted test 
samples. This is compared against the instream (receiving water) waste concentration 
(IWC) calculated for the quantity of wastewater discharge diluted with the 7-consecutive- 
day/1-in-10-year low flow. The IWC should be less than the NOEC with a margin of 
safety [15]. 


SELECTED POLLUTiON PARAMETERS 

Total solids, suspended solids, BOD, chemical oxygen demand (COD), and coliform 
bacteria are common parameters used in water and wastewater engineering. Knowledge 
of testing procedures is essential to understand the meaning of these terms. For a de¬ 
tailed description of testing procedures for these and other substances, refer to Standard 
Methods for the Examination of Water and Wastewater [17]. 


7.8 Total and Suspended Solids 

The term total solids refers to the residue left in a drying dish after evaporation of a 
sample of water or wastewater and subsequent drying in an oven (Fig. 7.1). After a 
measured volume is placed in a porcelain dish, the water is evaporated from the dish on 
a steam bath. The dish is then tr ans ferred to an oven and dried to a constant weight at 
103°- 105°C. The total residue is equal to the difference between the cooled weight of 
the dish and the original weight of the empty dish. The concentration of total solids is 
the weight of dry solids divided by the volume of the sample, usually expressed in 
milligrams per liter. 

Total volatile solids are determined by igniting the dry solids at 550 ±50 C in an 
electric muffle furnace. The residue remaining after burning is referred to as fixed solids, 


Water 

vapor 


Volatile 

solids 



Drying 


r ~1 Igniting T 1 

^ at 550" C 


at 103" C 


Drying dish with 
water or wastewater 
sample of volume V 


Dry solids It', 
in dish 


Fixed solids Wf 
in dish 


w W,-Wf _W„ 

Total solids - -jf Total volatile solids = " V 


Figure 7.1 Diagram of laboratory procedure to determine total solids 
and total volatile solids concentrations of a water or wastewater sample. 
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Water or wastewater 
sample of volume V 

\ 



Igniting 
at 550“ C 


Volatile suspended 
solids Wu 


Fixed suspended 
solids Wf 
on filter 



Suspended solids = -p Volatile suspended solids = ^ = -p 

Figure 7.2 Diagram of laboratory procedure to determine the total 
suspended-solids and volatile suspended-solids concentrations of a water 
or wastewater sample. 


and the loss of weight on ignition is reported as volatile solids. The concentration^ of 
total volatile solids is the weight of dry solids minus the weight of fixed solids divided 
by the volume of the original liquid sample. Volatile solids content also can be expressed 
as a percentage of the dry solids in the sample. 

The term total suspended solids refers to the nonfilterable residue that is retained 
on a glass-fiber disk after filtration of a sample of water or wastewater (Fig. 7.2). A 
measured portion of a sample is drawn through a glass-fiber filter, retained in a funnel, 
by applying a vacuum to the suction flask under the filter. The filter with damp sus¬ 
pended solids adhering to the surface is transferred from the filtration apparatus to an 
aluminum or stainless steel planchet as a support. After drying at 103°-! 05“ C in an 
oven, the filter with the dry suspended solids is weighed. The weight of suspended solids 
is equal to the difference between this weight and the original weight of the clean filter. 
The concentration of total suspended solids is the weight of the dry solids divided by 
the volume of the sample and is usually expressed in milligrams per liter. 

Volatile suspended solids are determined by igniting the dry solids at 550“ ± 50“ C 
after placing the filter disk in a porcelain dish. The concentration of volatile suspended 
solids is the weight of dry solids minus the weight of fixed solids divided by the volume 
of the original liquid sample. 

Dissolved solids are the solids that pass through the glass-fiber filter and are calcu¬ 
lated from total and suspended solids analyses. Total dissolved solids equals total solids 
minus total suspended solids. Volatile dissolved solids equals total volatile solids minus 
volatile suspended solids. 


7.9 Biochemical and Chemical Oxygen Demands 
Biochemical Oxygen Demand 

Biochemical oxygen demand (BOD) is the quantity of oxygdn used by microorganisms 
in the aerobic stabilization of wastewaters and polluted waters. The standard 5-day BOD 
value is commonly used to define the strength of municipal wastewaters, to evaluate the 
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efficiency of treatment by measuring oxygen demand remaining in the effluent, and to 
determine the amount of organic pollution in surface waters. 

Laboratory analyses of wastewaters and polluted waters are conducted using 
300-ml BOD bottles incubated at a temperature of 20® C. The preparation of BOD tests 
is diagranmied in Fig. 7.3. To measure the BOD of a wastewater sample, a measured 
portion is placed in the BOD bottle, seed microorganisms are added if needed, and the 
bottle is filled with aerated dilution water containing phosphate buffer and inorganic 
nutrients. The amount of wastewater added to a 300-ml bottle depends on the estimated 
strength. For example, typical amounts are 5.0 ml for untreated wastewater in the BOD 
range of 120-420 mg/1 and 50 ml for effluents with 12-42 mg/1. Untreated municipal 
wastewaters and unchlorinated effluents have adequate microbial populations without 
seeding. Industrial wastewaters and dechlorinated effluents require a prepared seed, usu¬ 
ally aged domestic wastewater, to perform the biological reactions. While the waste- 
water provides the organic matter, the dilution water provides the dissolved oxygen for 


Dilution water at 20'’C 
containing dissolved oxygen. 
Prepared by adding KH 2 PO 4 , 
K 2 HPO 4 . Na 2 HP 04 , NH 4 CI, 
MgS 04 ,CaCl 2 , and FeCla 
to distilled water 


300-ml BOD bottle with 
tapered stopper and flared 
mouth for water seal 



(a) 


Measured amount of 
(dechlorinated) wastewater 
depending qn strength 


Seed microorganisms to oxiaize 
the waste organics if microbes 
are not present in wastewater, 
for instance, as a result of 
effluent chlonnation 



Polluted water sample adjusted 
to a temperature of 20®C and 
aerated to increase the dissolved 
oxygen to near saturation 


Figure 7.3 Preparation of biochemical oxygen demand (BOD) tests on 
(a) Wastewater sample, (b) Polluted surface water. 
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aerobic decompositioiii For a polluted surface water, the sample is adjusted to 20*’C and 
aerated to increase the dissolved oxygen to near saturation. The sample, or a portion of 
the sample mixed with dilution water, is then placed in the BOD bottle. A 5Q% mixture 
of sample and dilution waters is suitable for a poUuted-water BOD in the range of 
4-14 mg/I. 

The biochemical oxygen demand exerted by diluted wastewater progresses ap¬ 
proximately by first-order kinetics as shown in Fig, 7.4. The initial depletion of dis¬ 
solved oxygen is the result of carbonaceous oxygen demand resulting from organic 
matter degradation: 

IMssolved oxygen + organic matter 

bacteria 

-> carbon dioxide + biological growths (7.3) 

and protozoans 

If present in sufficient numbers, nitrifying bacteria exert a secondary oxygen demand 
by oxidation of ammonia: 

Dissolved oxygen + ammonia nitrogen 

nitrifying 

-> nitrate nitrogen + bactenal growth (7.4) 

bacteria 

Nitrification often lags several days behind the start of carbonaceous oxygen demand. 
The carbonEmeous oxygen demand curve can be expressed mathematically as 

BOD, = L(1 - 10^*0 (7.5) 



Time (days) 

Figure 7.4 Hypothetical biochemical oxygen demand reaction curve 
showing the cabornaceous and nitrification reactions. 
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where 

BOD, = biochemical oxygen demand at time t, mg/1 
L = ultimate BOD, mg/1 
k = deoxygenation rate constant, day* 
t = time, days 

The equation for calculating BOD from a seeded labm'atorv test is 


where 

BOD 

D, 

B2 

f 

P 


POD 

P 

biochemical oxygen demand, mg/1 

dissolved oxygen (DO) of diluted seeded wastewater about 

15 min after preparation, mg/1 

DO of wastewater after incubation, mg/1 

DO of diluted seed sample about IS min after 

preparation, mg/1 

DO of seed sample after incubation, mg/1 
ratio of seed volume in seeded wastewater test 
to seed volume in BOD test on seed 
decimal fraction of wastewater sample used 

_ volume of wastewater _ 

volume of dilution water plus wastewater 


(7.6) 


If the sample is unseeded, the relationship is 


BOD = 



(7.7) 


The standard value is the BOD exerted during the first 5 days of incubation. More de¬ 
tailed discussions of BOD testing are presented by Hammer and Hammer [181. 


■ 0(AMPLE 7.1 BOD tests were conducted on composited samples of a raw waste- 
water and a treated wastewater after chlorination. 

1. The BOD tests for the raw wastewater were set up by pipetting 5.0 ml into each 
300-ml bottle. For one pair of bottles, the test results were: the initial dissolved 
oxygen (DO) was 8.4 mg/1, and after 5 days of incubation at 20*0 the final DO 
was 3.7 mg/1. Calculate the BOD and estimate the 20-day BOD value assuming 
a^ of 0.10 day*. 

2. The treated wastewater sample was dechlorinated prior to conducting a seeded 
.test. The BOD bottles were set up with 50.0 ml of treated wastewater and 0.5 ml 
of raw wastewater for seed added to each bottle. For one pair of bottles, the test 
results were; the initial DO was 7.6 mg/1, and the final DO was 2.9 mg/l. Cal¬ 
culate the BOD. 
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Solution: 

1. Using Eq. (7.7), 


B0D5 = 


8.4 - 3.7 
5.0/300 


= 282 mg /1 


Using Eq. (7.5), 


L = 


282 


= 412 mg/1 


1 - lO-o’^so 

BOD 20 = 412(1 - 10-°= 408 mg/1 


2. Using Eq. (7.6), 


BOD = 


(7.6 - 2.9) - (8.4 - 3.7)(0.5/5.0) 
50/300 


= 25 mg/1 


Chemical Oxygen Demand 

The chemical oxygen demand (COD) of wastewater or polluted water is a measure of 
the oxygen equivalent of the organic matter susceptible to oxidation by a strong chemi¬ 
cal oxidant. The organic matter destroyed by the mixture of chromic and sulfwc acids 
is converted to CO 2 and water. The test procedure is to add measured quantities of 
standard potassium dichromate, sulfuric acid reagent containing silver sulfate, and a 
measured volume of sample into a flask. After attaching a condenser on top, this mixture 
is refluxed (vaporized and condensed) for 2 hr. The oxidation of organic matter converts 
dichromate to trivalent chromium, 


Organic matter + CrzOy^- -p ^ CO 2 + H 2 O + 2Cr^^ (7.8) 

Ag 

After cooling, washing down the condenser, and diluting the mixture with distilled 
water, the excess dichromate remaining in the mixture is measured by titration with 
standardized ferrous ammonium sulfate. A blank sample of distilled water is carried 
through the same COD testing procedure as the wastewater sample. The purpose of 
testing a blank is to compensate for any error that can result because of the presence 
of extraneous organic matter in the reagents. COD is calculated from the following 
equation: 


where 


COD 


(a - /?)[normality of Fe(NH 4 ) 2 (S 04 ) 2]8000 

y 


(7.9) 


COD = chemical oxygen demand, mg/1 

a = amount of ferrous ammonium sulfate titrant added to blank, ml 
b *= amount of titrant added to sample, ml 
V = volupie of sample, ml 

8(X)0 = multiplier to express COD in mg/1 of oxygen 
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Applications of BOD and COD Testing 

BOD is the most common parameter for defining the strengths of untreated and treated 
municipal and biodegradable industrial wastewaters. The oxygen requirement and tank 
sizing for aerobic treatment processes are based on BOD loadings. It is also used in 
quantifying the quality of an effluent from a treatment plant; the maximum allowable 
BOD is specified in the wastewater discharge permit. Since oxygen depletion in surface 
waters results from aquatic microorganisms exerting oxygen demand, the BOD test is a 
key measurement in the evaluation of water pollution by biodegradable wastes. 

Commonly, COD is used to define the strength of industrial wastewaters that are 
either not readily biodegradable or contain compounds that inhibit biological activity. 
Frequently, laboratory wastewater treatability studies are based on COD testing rather 
than on BOD analyses. The COD test has the advantages of rapid analysis and repro¬ 
ducible results. The BOD test requires incubation for 5 days, and the results of multiple 
analyses on an industrial wastewater sample often show considerable scatter. Also, COD 
testing is becoming more popular in all applications of oxygen demand analyses as a 
result of simplified laboratory techniques. 

The relationship between BOD and COD concentrations must be defined for each 
individual wastewater. Ideally for a wastewater composed of biodegradable organic 
substances, the COD concentration approximates the ultimate carbonaceous BOD 
value. Yet this simple relationship is rarely substantiated in testing of municipal waste- 
waters. Many organic compounds can be oxidized chemically that are only partly 
biodegradable. 


7.10 Coliform Bacteria 

The coliform group of bacteria is defined as aerobic and facultative anaerobic, nonspore 
forming. Gram-stain negative rods that ferment lactose with gas production within 48 hr 
of incubation at 35° C. 


Fermentation Tube Technique 

The basic coliform analysis, diagrammed in Fig. 7.5, is the test for total coliforms based 
on gas production during the fermentation of lauryl tryptose broth, which contains beef 
extract, peptone (protein derivatives), and lactose (milk sugar). Ten-milliliter portions of 
a water sample are tr ans ferred using sterile pipettes into prepared fermentation tubes 
con tainin g inverted glass vials. The inoculated tubes are placed in a warm-air incubator 
at 35° ± 0.5° C for 48 hr. Growth with the production of gas, identified by the presence 
of a bubble in the inverted vial, is a positive test, indicating that coliform bacteria may 
be present. A negative reaction, either no growth or growth without gas, excludes the 
coliform group. 

The conunon test for fecal coliforms is a second-phase confirmatory test following 
growth of coliforms in the presumptive total coliform test. A niinute portion of the broth 
from a positive test, or a positive colony from a membrane filter, is transferred asepti- 
cally on a sterile wire loop to a fermentation tube of an EC medium contaimng tryptose. 
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Figure 7.5 Diagram of the basic test for total conforms and second-phase 
confirmatory test for thermotolerant fecal conforms. 


lactose, bile salts, and chemical buffers. The glass tube has a removable cap and an 
inverted vial at the bottom of the tube in the broth, as illustrated in Fig. 7.5. A positive 
test is growth with gas after 22-26 hr at 44.5'’C. Gas production is evidence that coli- 
forms have converted the lactose sugar to lactic acid, thus lowering the pH releasing 
gas. If no gas appears in the inverted vial, the test is negative and no fecal coliform 
bacteria were present in the positive total coliform test. 

Membrane Filter Technique 

The membrane filter test for coliform testing is commonly used when a large number of 
water samples are routinely analyzed. This method, diagrammed in Fig. 7.6, consists of 
drawing a measured volume of water through a filter membrane with small enough 
openings to take out bacteria and then placing the filter on a growth medium in a culture 
dish. This technique assumes that each bacterium retained by the filter grows and forms 
a small visible colony. The number of coliforms present in a filtered sample is deter¬ 
mined by counting the number of typical colonies and expressing this value in terms of 
number per 100 ml of water. 

The apparatus to perform membrane filter coliform testing includes a filtration unit, 
sterile filter membranes, sterile absorbent pads, culture dishes, nutrient media, and for¬ 
ceps. The forceps for handling the filters are sterilized before each use. Rapid decon- 
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Water 

sample 




Filter placed in 
a culture dish on 
M-Endo medium 


No growth or 
atypical 
colonies 


Incubation 


at 3S°C 



Negative test 


Typical 

coliform 

colonies 



Positive test 


Figure 7.6 Diagram of membrane filter technique for coliform testing. 


tamination of filter units between successive filtrations can be accomplished using an 
ultraviolet sterilizer with exposure to radiation for 2 min. The filter membranes with 
pore openings of 0.45 fim are in 2-in.-diameter disks with a grid printed on the surface 
for ease in counting colonies. In drinking water testing, a lOO-ml sample is filtered 
through the membrane. A culture dish with a fitted cover is prepared by placing an 
absorbent pad in the bottom half of the dish and saturating it with 1.0-2.0 ml of 
M-Endo medium. Using the forceps, the membrane is removed from the filtration unit 
and placed on the pad in the culture dish. After incubation for 22 —24 hr at 35 — 0.5^ C, 
the cover is removed from the dish and the membrane examined for growth. Typical 
coliform colonies are a pink to dark-red color with a green metallic surface sheen. Ab¬ 
sence of bacterial growth on the membrane is a negative test. Occasionally, atypical 
colonies occur as light-colored growth without dark centers or a green sheen. 


Presence-Absence Technique 

This test recommended by EPA for drinking water analysis determines only the presence 
or absence of coliform bacteria in a water sample without indicating the number o 
conforms in a positive test. A 100-ml sample of water is added to a steri e m tt e 
containing 50 ml of prepared P-A (presence-absence) broth containing lactore trolh, 
lauryl tryptose broth, and bromcresol purple indicator. The bottle is incubated for 48 h 
at 35'’C. If a distinct yellow color forms in the broth, the test is posiUve and the pre¬ 
sumption is that the water contained one or more bacteria of the colifonn group. Coli¬ 
form bacteria ferment lactose sugar, forming lactic acid and loweMg e p , w ic 
changes the bromcresol purple indicator color to yellow. If the ye ow co or 
appear, the test is negative and no coliform bacteria were present in the s^ple. If the 
P-A test is positive, a second-phase confirmatory test, as shown in Fig. 7.5. can deter¬ 
mine the presence or absence of fecal coUforms. 
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Problems 

7.1. Compare the latency, persistence, and infective dose of Ascaris and Salmonella. 

7.2. Discuss the significance of the carrier condition in transmission of enteric dis¬ 
eases. What major waterborne diseases in the United States are commonly 
spread by carriers? How are these diseases amplified by animals? 

7.3. Why can coliform bacteria be used as indicators of drinking water quality? Dis¬ 
cuss the limitations of coliforms as an indicator. Why is a positive test for fecal 
coliforms in a public water supply considered more serious than a positive test 
for total coliforms? 

7.4. What are the significant differences between Escherichia coli and Escherichia 
coli 0157 ;H7? 

7.5. Based on laboratory animal studies, a synthetic organic chemical has an esti¬ 
mated cancer risk of 1 X 10"^ after a lifetime consumption of 11/d of water 
containing 1.0 /i,g/l of chemical. If the MCL is 0.005 mg/1 and consumption is 
2 1/d, what is the calculated risk and the number of excess cases of cancer ex¬ 
pected among persons exposed? 

7.6. Discuss the health risk of finding lead in drinking water. 

7.7. What is the health risk of excess nitrate ion in drinking water? 

7.8. How does the source of THMs differ from VOCs and other synthetic organic 
chemicals? 

7.9. What are the conventional water pollutants often limited by an NPDES permit 
and their main pollution concern for limitation? 

7.10. The following data are from total solids and total volatile solids tests on a waste- 
water sample. Calculate the total and volatile solids concentrations in milligrams 
per liter. 

Weight of empty dish = 68.942 g 
Weight of dish plus dry solids = 69.049 g 
Weight of dish plus ignited solids = 69.003 g 
Volume of wastewater sample = 100 ml 

7.11. Listed below are total solids and suspended-solids data on an industrial waste- 

water sample. Calculate the total and volatile solids, suspends" ' ’ ^" 

solved solids. 

Total solids data 

Weight of empty dish = 85.337 g 
Weight of dish plus dry solids - 85.490 g 
Weight of dish plus ignited solids = 85.375 g 
Volume of wastewater sample = 85 ml 
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Suspended-solids data 
Weight of glass-fiber filter disk = 0.1400 g 
Weight of disk plus dry solids = 0.1530 g 
Weight of disk plus ignited solids = 0.1426 g 
Volume of wastewater filtered = 200 ml 

7.12. An unseeded BOD test is conducted on a polluted surface water sample by add¬ 
ing 100 ml to a 300-ml BOD bottle and filling with dilution water. The initial 
dis'solved oxygen measured 8.2 mg/1, and the final concentration after 5 days of 
incubation at 20° C measured 2.9 mg/1. Calculate the BOD. 

7.13. A BOD test was conducted on the unchlorinated effluent of a municipal treat¬ 
ment plant. The wastewater portion added to a 300-ml BOD bottle was 30 ml, 
and the dissolved oxygen values listed below were measured using a dissolved- 
oxygen probe. Plot a BOD-versus-time curve and determine die 5-day BOD 
value. 


Time 

(days) 

DO 

(mg/1) 

Time 

(day) 

DO 

(mg/1) 

0 

8.7 

6.0 

4.9 

2.0 

6.7 

10.0 

3.9 

4.0 

5.7 

14.0 

0.7 


7.14. A BOD test was conducted on a raw domestic wastewater sample. The waste- 
water portion added to each 300-ml test bottle was 8.0 ml. The dissolved-oxygen 
values and incubation periods are listed below. Plot a BOD-versus-time curve 
and determine the 5-day BOD value. 



Initial 

Incubation 

Final 

DO 

Calculated 

Bottle 

DO 

period 

DO 

drop 

BOD 

number 

(mg/1) 

(days) 

(mg/1) 

(mg/1) 

(mg/1) 

1 

8.4 

0 

8.4 



2 

8.4 

0 

8.4 



3 

8.4 

1.0 

6.2 



4 

8.4 

1.0 

5.9 



5 

8.4 

2.0 

5.2 



6 

8.4 

2.0 

5.2 



7 

8.4 

3.0 

4.4 



8 

8.4 

3.0 

4.6 



9 

8.4 

5.0 

3.8 



10 

8.4 

5.0 

3.5 




7.15. A seeded BOD analysis was conducted on a food-processing wastewater sample. 
Ten-milliliter portions were used in preparing the 300-ml botdes to determine 
the dissolved-oxygen demand of the aged, settled wastewater seed. The seeded 
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sample BOD bottles contained 2.7 ml of food-processing wastewater and 1.0 ml 
of seed wastewater. The results of this series of test bottles are listed below. 
Calculate the wastewater BOD values and plot a BOD-time curve. What is the 
5-day BOD? 


Seed tests Sample tests 


Time 

(days) 

B, 

(mg/1) 

B2 

(mg/1) 

(mg/1) 

D2 

(mg/1) 

0 

7.8 

— 

8.1 

— 

1.0 

7.8 

6.9 

8.1 

5.6 

2.0 

7.8 

6.6 

8.1 

4.3 

3.0 

7.8 

6.3 

8.1 

3.6 

4.0 

7.8 

5.8 

8.1 

3.0 

5.0 

7.8 

5.7 

8.1 

2.5 

6.0 

7.8 

5.3 

8.1 

2.0 

7.‘0 

7.8 

5.4 

8.1 

1.8 
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Water Quality Models 


Prologue 

The purpose of this chapter is to: 

■ Introduce the reader to the concepts and complexities of water qual¬ 
ity modeling 

■ Describe the types of water quality models 

■ Provide an example application of a simple water quality model 


This chapter is a brief introduction to the subject of water quality modeling. Water qual¬ 
ity models facilitate analysis of the impact of treatment levels on receiving waters and 
tracing the effects of contaminants introduced into surface and groundwater systems. 
The references at the end of the chapter provide a beginning point for a more in-depth 
review of the development and application of water quality models. 

Water quality models may be physical, analog, or digital, although our focus here 
will be on digital simulation. This form of modeling requires that there be mathematical 
expressions that equate water quality at a location of interest with factors that determine 
it. Such models vary in their complexity. Their nature depends on the application to be 
made of the model, the availability of data, and the level of understanding of the hydro¬ 
chemical and hydrobiological processes involved. Unfortunately, the complexities of 
these processes, which are great, make the difficulties associated with hydrologic mod¬ 
eling seem inconsequential in comparison. 

In general, water quality models should permit acceptance of inputs in terms of 
pollutant (constituent) concentration versus time at points of entry to the system, de¬ 
scription of the mixing and reaction kinetics in the stream element or groundwater 
element of concern, and synthesis of a time-distributed output indicating pollutant con¬ 
centration at the outlet of the element (segment) being modeled. An analogy may be 
drawn to the streamflow routing performed in a downstream sequence from one stream 
channel segment to another. In the case of water quality modeling, the common repre¬ 
sentation is the calculation of change in constituent concentration as it passes through 
successive elements of the water body being modeled. 

As in the case of other water resources modeling processes, the approach may 
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be deterministic or stochastic. In the case of water quality models, the stochastic ap¬ 
proach is often ruled out because actual records of water quality parameters are un¬ 
available for long enough periods to permit frequency methods to be used. Of course, 
generated sequences can be used for this purpose if adequate mathematical statements 
representing the kinetics of the system can be developed and their parameters deter¬ 
mined [1, 2]. 

The deterministic approach to water quality modeling requires that relationships 
between water quality loading and the flow or hydraulic features of the system be estab¬ 
lished and that the appropriate chemical and biological reactions be tractable for solu¬ 
tions. Where theory-based relationships cannot be employed, empirical relationships are 
often used. The optimum model to use would naturally be the one best defining the 
actual water quality response of the system. Many models have been developed; some 
of them are described in [3-30]. 

Pollutants may be classified as conservative or nonconservative (nonconservative 
pollutants decay with time). Somewhat more specifically, they may be organic, inor¬ 
ganic, radiological, thermal, or biological. Finally, they may be categorized by specific 
forms, such as BOD, phosphorus, nitrogen, bacteria, vimses, or specific toxic sub¬ 
stances. These pollutants may be loaded into a watercourse or groundwater system from 
either point or nonpoint sources. 

The Hmft rate of delivery of a pollutant must be determined if its characteristics are to 
be modified by management practices or its impact on some element of the system evalu¬ 
ated. For example, the consequences of some quantity of silt delivered to a lake would not 
be the same if it were introduced over a period of 5 days as opposed to 2 hr. Thus, moni¬ 
toring of water quality must generally be on a continuous basis if the data are to be of value 
for water resources planning and for developing continuous modeling processes. 

Unstable pollutants such as radioactive materials, heat, BOD, and living orgamsms 
ail have time-dependent decays and are thus nonconservative in nature. To deal with 
such constituents, it is necessary that both the mixing properties and the reaction kinet¬ 
ics of the system be known or approximated. On the other hand, many inorganic pol¬ 
lutants are conservative in nature, and their handling depends mainly on an ability to 
model the mixing mechanics of the receiving body of water. 

The problems associated with modeling chemical and biological changes in a water 
body are many and complex. The field conditions encountered in natural water systems 
are highly varied and often negate the validity of reaction rate and other mechanisms 
determined under laboratory conditions. Furthermore, pollutants derived from nonpoint 
sources are subjected to many alterations in their travels over and through the groun 
before they reach a watercourse. The highly varied chemical, biological, and hydr^ ic 
characteristics of the land must be dealt with in estimating pollutant loadings from these 
sources. Although qualitative descriptions of hydrochemical and hyctobiologic pro 
cesses are easy to come by, their quantification is something else again. Fortunately, in 
some cases, empirical relationships between pollutant concentration and streani ow or 
other h.ydrologic variables can be used to describe water quahty loading anisms 
that cannot be obtained on a more theoretical basis. One such relationship is displayed 
in Fig. 8.1. It should be stressed, however, that a model is only as good as the data and 
theory on which it is based. 
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Figure 8.1 Concentration-discharge relations for selected solutes—San 
Lorenzo River at Big Trees, California. (From T. D. Steele, “Seasonal Variations in 
Chemical Quality of Surface Water in the Pescadero Creek Watershed, San Mateo 
County, California,” Ph.D. dissertation, Stanford University, May 1968.) 

8.1 Types of Water Quality Models 

Most water quality models in use today are designed to trace the movement of pollutants 
through streams, rivers, lakes, estuaries, and other open bodies of water. Groundwater 
quality models have also been developed, but these generally lag the surface water mod¬ 
els in their state-of-the-art status. Water quality models may be equipped to accept pol¬ 
lutant loadings at specific locations (points) and to accept pollutant inflows along a 
watercourse (nonpoint) as well. 

Point-source water quality models generally deal only with confined bodies (chan¬ 
nels, groundwater systems) of water, while nonpoint models must also take into consid¬ 
eration most other phases of the hydrologic cycle (Fig. 8.2). Since nonpoint pollutants 
are moved to streams, estuaries, etc., in overland flow, interflow, and groundwater flow 
processes, the representative models must include these phases of the hydrologic cycle 
in addition to the channel phase. As a result, nonpoint models are often though of as 
loading models that act to trace the movement of pollutants from their originating lo¬ 
cations to watercourses. Once a watercourse is reached, these loads (pollutants’ inputs) 
can be handled by stream quality models or groundwater quality models, as the case 
may be. Since nonpoint models represent the introduction of pollutants to watercourses 
from land surfaces, they are strongly associated with the occurrence of precipitation 
events. Point-source models, on the other hand, usually represent continuous inputs of 
pollutants, primarily from the discharge of waste treatment works. 

Many water quality models are extensions of equations developed in 1925 by 
Streeter and Phelps for predicting BOD and DO in flowing streams [1,4]. These equa- 
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Figure 8.2 Black-box concept of watershed modeling. 


tions are often supplemented by various simple first-order reaction equations and mixing 
and sedimentation models. The trend, however, is toward more complex, multiconstitu¬ 
ent water quality models that can handle interactions involving numerous chemical con¬ 
stituents and biological organisms. Although such models require considerable data and 
are often demanding of computer time, they offer the promise of a better understmding 
of water quality mechanics and have the potential for bringing about more efficient 

policies for water quality management. • r 

Water quality models may be steady state or time varying in design. The former 
classification can be used where the principal variables are not time dependent or can 
be assumed to be so within a given stream reach or segment. These models ait simpler 
and less expensive to operate than time-varying models, but they cannot han e rapi y 
changing situations, such as the introduction of nonpoint pollutants dunng a storm. In 
general, steady-state models are more suited to long-range planning, whereas time 
varying models fit the need for setting policies for event management such as that as¬ 
sociated with an intense storm. _ , , , , • i -.u 

Models may be deterministic or stochastic. DeterminisUc models deal mainly wi 
projections of mean values of pollutant concentrations, while stochastic mo e s 
porate the randomness of the physical, chemical, and biological processes being studied. 
While all real systems are three dimensional, the models employed to represent mese 
systems may be one-, two-, or three-dimensional in character, choice 
the use of the model’s results and on the nature of the system being modeled. Where 
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one-dimensional models are used, complete mixing is assumed in vertical and lateral 
directions. For two-dimensional models, either vertical or lateral mixing may be as¬ 
sumed; the choice depends on the nature of the system. 

Water quality models can be stmctured for solution by hand, desk calculator, or 
digital computer. If the situation to be modeled requires little computational effort, the 
results may be achieved quickly by manual procedures. For more elaborate cases, digital 
models may be required. The simplest model that can be relied on to produce results of 
the desired level of reliability should be chosen. 

As in the case of water quantity modeling, both simulation and optimization models 
may be employed. Each has its place. Simulation models calculate the values of water 
quality variables for given hydrologic, waste treatment, boundary, and initial conditions. 
Opimization models are used to identify management options that best fit preset man¬ 
agement conditions. 

Finally, both lumped- and distributed-parameter approaches may be taken. Lumped- 
parameter models are especially suited to large-scale systems analysis, while distributed- 
parameter models can provide a greater level of detail where localized decisions must be 
made. In either case, the models may be operated continuously or tailored to the simu¬ 
lation of specific events. Continuous simulation can produce water quality histories that 
can be further analyzed by frequency methods so that inferences can be drawn about the 
risk associated with possible happenings. Event simulation models can be used to gather 
rather detailed information about the policies needed to cope with extreme occurrences. 


8.2 An Elementary Water Quality Model 

Water quality modeling efforts have been increasing in scope since the early 1960s. In 
the beginning, the most common parameters included in such models were tempera¬ 
ture, BOD, and DO. The list has steadily increased until today many models incorpo¬ 
rate salinity; carbonaceous, nitrogenous, and benthic BOD; temperature; total organic 
carbon; refractory organic carbon; sedimentary, soluble, and organic phosphorus; am¬ 
monia, nitrite, nitrate, and organic nitrogen; dissolved oxygen; toxic compounds; phy¬ 
toplankton; and zooplankton [5]. The precision with which all of these constituents can 
be modeled is not uniform, however, and in some cases more research is needed. Mod¬ 
eling natural systems is difficult due to the many interactions and influences involved. 

To provide some understanding of the way in which a water quality model might 
be fon^’flated, we shall consider a simple problem involving the discharge of waste to 
a receiving stream and the impact of this on the DO level at a downstream location. The 
nature of the problem is illustrated in Fig. 8.3. The waste flow from a city q is found to 
have a DO level of zero and an ultimate BOD of BODi/w- This waste flow is discharged 
to a receiving stream having a flow of Q, a DO level of DOS, and an ultimate BOD of 
BODc/j. Let us assume that the BOD rate constant Ky and the stream reaeration coeffi¬ 
cient K 2 are known. The problem is to formulate a model that can predict the DO level 
at point C in the sketch, given the information above. Since the concern here is with the 
model formulation, it will not be necessary to assign numerical values to the variables 
and parameters specified above. 

The principal components of the model will be streamflow Q, waste flow q, average 
flow velocity u, the DO upstream of waste discharge DOS, the DO of the waste DOw " 
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Figure 8,3 Definition sketch for DO model, (a) Problem setting. 

(b) DO, accounting in stream setting. 

0, the BOD of the waste flow and the stream BOD^w and BODys, respectively, coeffi¬ 
cients and K 2 , and any sources or sinks of oxygen in the region from B to C. The 
sources of oxygen supply could include photosynthesis, reaeration, and the supply avail¬ 
able in the stream. Oxygen sinks would be BOD in the flows and could also include 
sludge deposits on the stream bottom and algal respiration. 

For illustrative purposes, we shall make the following assumptions; 

1. There is steady flow (no variation with time). 

2. The wastes are distributed uniformly across the stream cross section. 

3. There is no dispersion along the stream path (no mixing in the downstream 
direction). 

4. The decay rate for the waste may be represented by a first-order reaction. 

5. There is only one point of waste entry in the stream segment of concern, 
fi* The effects of algae and bottom sludge deposits may be neglected 

It should be recognized that the foregoing assumptions may not be valid under many of 
the actual conditions encountered in the field. They are made here to simplify the model 
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development and to emphasize that all models include assumptions of various severity 
and that these must be understood by the user before deciding on a model’s suitability. 

Now that we have described the problem, made some simplifying assumptions, and 
made some statements about what is known (DOS, for example), we can begin to for¬ 
mulate the model. Refer again to Fig. 8.3 and note that the stream segment of interestis 
of length Ax, that its cross-sectional area will be defined as A, and that the volume of 
water contained in the stream from fi to C will be designated V. With this additional 
definition, we can begin the model formulation by considering that between sections 5 
and C of the stream, a continuity equation involving DO can be written. This takes the 
form 


DO inflow -f sources of DO - (DO outflow + DO sinks) 

= change in DO storage in segment 


or 


a(DOS) + g(AR)V - \ Q 


a(DOS) , 

(DOS) + ^ Ax 

dx 


+ /(BODw + BODs)y^ = 


VA(DOS) 

At 


( 8 . 1 ) 


where g(AR) is a function of reaeration and/(BODw + BODj) is a function of the BOD 
exerted by the waste in the stream segment per unit of time. We now insert for Q its 
equivalent u{A) (the product of velocity and cross-sectional area), collect terms, rear¬ 
range, and divide through by V. Equation 8.1 becomes 


A(DOS) 

Ar 


a(Dos) 

u - 


- /(BOD„, + BOD 5 ) -h g(AR) 


( 8 . 2 ) 


Now, remembering that we have made the assumption that the flow in the stream seg¬ 
ment is steady (stream flow and waste flow are constant, so eventually the DO concen¬ 
tration in the stream will also be unchanging), the left-hand term in Eq. 8.2 becomes 
zero, and we can write 


«-4—^ = -/(BOD„, + BOD,) + ^(AR) (8-3) 

ox 

This equation may be written in terms of the dissolved-oxygen deficit at a given location 
(Fig. 8.4) [5]. Thus, we may deal with the difference between DO under saturated con¬ 
ditions and the level of DO that actually exists at the location. If the equation is written 
in this form and integrated, the result is the classical Streeter-Phelps equation for 
dissolved-oxygen deficit [1, 4,5]: 

KL 

D = -^ (g-AT,^ _ g-IC2X/u) + (8.4) 

K2 — 

where L is the initial BOD load exerted on the stream by the waste (BOD»(^) and organic 
material in the stream itself (BOD,), A is the initial level of DO in the stream, andD is 
the dissolved-oxygen deficit at the downstream location a distance of x units from the 
initial point (point C in Fig. 8.3). 
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Figure 8.4 Dissolved-oxygen sag curve. 


This equation and variations of it find wide use in water quality modeling of DO. It 
is the standard deterministic form and can be used successfully for its purpose if the 
assumptions made are valid for the situation and satisfactory values of the constants K\ 
and K 2 can be obtained. Note that these two parameters are actually functions of pollu¬ 
tion loading and rate of stream flow. Thus, the assignment of fixed values is only an 
approximation that must be evaluated for its reasonableness at the conditions under 
which the model is to be used. 

Equation (8.4) often appears in the form 


D = 


k\U 

K - k[ 




(8.5a) 


and since e'* ' = 10"*', where k = 0A34k\ the equation may also be written in terms of 
common logarithms as 


^ (10-*!' - 10-‘jO + Do(10-**0 (**5b) 

k2 ~ k\ 

The proportionality factor k, is a temperature function. The proportionaUty factor *2 is 
also a temperature function but, more important, it is a function of the turbulence o e 

stream. . . 

A general approximate formula for the reaeration coefficient of natural nvers is 

given by O’Connor and Dobbins: 

= WJYl ( 8 . 6 ) 

^2 ^3/2 


where 

k 2 — reaeration coefficient (base e) per hour 

Dl = diffusivity of oxygen in water = 0.000081 ft^/hr at 2Q^C 

U = velocity of flow, ft/hr 
H = depth of flow, ft 
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The effect of temperature on the reaeration coefficient kj is as follows [25]: 

k2T = ^2-20 X 1.047^-2" (8;7) 

where 

kiT = reaeration coefficient at temperature T 
^ 2-20 - reaeration coefficient at 20° C 

The value of k 2 ranges from 0.20 to 10.0 per day, the lower values representing deep 
slow-moving rivers, the higher values shallow streams with steep slopes. 

From an engineering design viewpoint, the dissolved-oxygen sag curve indicates 
the point of minimum DO. This critical point is the place in the stream where the rate 
of change of the deficit is zero and the demand rate equals the reaeration rate: 

k'-^D, = k[L = (8.8) 

Solving for the critical time 4, one obtains 



These equations have constants that must be carefully evaluated. The k'l term re¬ 
flects the rate at which bacteria demand oxygen and is calculated from the BOD test by 
running BOD determinations. The ^2 term is the reaeration characteristic of the stream 
and varies from reach to leach in most streams. Constant ki can be evaluated in the 
laboratory; ^2 must be determined from field studies. In the development of these equa¬ 
tions, it is assumed that and ki are constant and that only one source of pollution 
exists and that the only oxygen demand is the BOD. Variations from these assumptions 
may be taken into account in any practical case. Some of the following processes, in 
addition, may be taking place in any given river stretch: 

1. Removal of BOD by adsorption or sedimentation 

2. Addition of BOD along the river stretch by tributary inflow 

3. Addition of BOD or removal of oxygen from the water by the benthal layer 

4. Addition of oxygen by the photosynthetic action of plankton 

5. Removal of oxygen by plankton respiration 

■ EXAMPLE 8 .1 A city of 200,000 population produces sewage at the rate of 
120 gpcd, and the sewage plant effluent has a BOD of 28 mg/1. The temperature of the 
sewage is 25.5° C, and there is 1.8 mg/1 of DO in the plant effluent. The stream flow is 
250 cfs at 1.2 fps and the average depth is 8 ft. The temperature of the water is 24°C 
before the sewage is mixed with the stream. The stream is 90% saturated with oxygen 
and has a BOD of 3.6 mg/1. The deoxygenation coefficient k[ is equal to 0.50 at 20“C. 
Determine the following: 

1. The sewage flow in cfs 

2. DO of the mixture of water and sewage plant effluent 

3. The temperature of the mixture of water and sewage plant effluent 

4. The value of the initial oxygen deficit for the river just below the plant discharge 

5. The distance downstream to the point of Tninimnm DO 

6 . The minimum DO in the stream below the sewage plant 



8 2 An Elementary Water Quality Model 31 1 

Solution: 

1. The sewage flow in cfs: 

(120 gpcd)(2 X 105) = 240 X 10^ gpd = 24 mgpd 
1 mgpd = 1.547 cfs 

sewage flow = (24)(1.547) cfs = 37.1 cfs 

2. The DO of the mixture of water and sewage plant effluent: Assuming a pressure 
of 1 atm and a chloride concentration of zero, the solubility of oxygen in water 
at 24°C is 8.5 mg/1. The DO of the river water is (8.5 mg/l)(0.90) = 7.65 mg/1. 
The DO of the mixture is 

_ Qr(DOr) + g.(DO.) 

Qr + Qs 

_ (250 cfs)(7.65 mg/1) + (37.1 cfs)(1.8 mg/1) 

287.1 cfs 

= 6.89 mg/1 

3. The temperature of the mixture of water and sewage plant effluent; As in b, 

_ (250 cfs)(24°C) + (37.1 cfs)(25.5‘’C) 

^ “ ' 287.1 eft ' 

= 24.2® C 

4. The value of the initial oxygen deficit: Assume pure water at 24.2® C. The satu¬ 
ration value of O 2 is 8.48 mg/1, but we have 6.89 mg/1. 

deficit = 8.48 - 6.89 = 1.59 mg/1 

5-6. The distance downstream to the minimum point of DO and the value of the 
minimum DO. The constant ki may be computed from Eq. (8.6): 

^2-20 7/5/2 

(81 X 10~*^ ft/hr X 1.2 ft/s X 3600 s/hr)*^ X 24 hr/day 

= ■ (8 ft)^'"^ 

- 0.627 

The values of fcz and k[ at 24.2°C are found by Eq. (8.7): 

hr = it2-2o X 1-047^-“ 

^2-24.2 = 0.627 X 1.0472«-2« 

= 0.76 

= 0.50 X 1.047« 

= 0.607 
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The value of the initial BOD, Lq, of the mixture of river water and plant efflu¬ 
ent is 

_ (250 cfs)(3.6 mg/1 of BOD) + (37.1 cfs)(28 mg/1 of BOD) 

” ~ 287.1 cfs 

= 6.75 mg/1 of BOD 

The time 4 to the point of minimum DO is found by Eq. (8.9): 



= 1.08 days 


The value of the minimum DO is found by Eq. (8.5): 

ki ki 

= 2.80 mg /1 

The distance downstream at which the critical DO occurs is calculated from the 
value of 4 and the velocity of flow: 

distance = 1.2 ft/s X 3600 s/hr X 24 hr/day X 1.08 days 
= 112,000 ft 

Thus, under the given conditions, the oxygen sag curve takes the form shown in 
Fig. 8.5. ■ 



1.08 days 

Time of flow-► 


Figure 8.5 Dlssolved-oxygen sag curve for 
Example 8.1. 
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The foregoing discussion should convey to the reader that the formulation of water 
quality models follows the same general pattern as that for hydrologic models. Both 
include continuity considerations combined with appropriate equations of motion and 
reaction (BOD decay, for example). The beginning of the modeling process is thus an 
understanding of the mechanics of the system of concern and an ability to represent the 
mechanics in adequate mathematical terms. 


8.3 EPAQUAL2E Model 


QUAL2E is a comprehensive stream water quality model that can simulate up to 15 
water quality constituents in any desired combination. The model can accommodate 
DO; BOD; temperature; algae as chlorophyll a; ammonia, nitrite, and nitrate nitrogen, 
organic nitrogen as N; organic phosphorus as P; dissolved phosphorus as P; coliforms; 
an arbitrary nonconservative constituent; and three conservative constituents [11.15], 
The model may be applied to branching stream systems that are well mixed. The as¬ 
sumption is made that advection and dispersion are significant only in the principal 
direction of flow. Multiple waste discharges, withdrawals, tributary flows, and incre¬ 
mental (lateral) inflows can be incorporated in this model. 

The model is limited to the simulation of time periods during which stream flows 
are approximately constant and waste inputs are constant as well. It is possible, however, 
to operate the model in both steady-state and dynamic modes. In the latter case, diurnal 
variations in water quality can be studied. The model is an outgrowth of an earlier ver¬ 
sion, Qual I, which was developed in 1970 [9]. It has seen wide use in water quality 
planning and management programs. QUAL2E permits input or output of data in metric 
units [8-10, 12-14]. 

QUAL2E makes use of several different types of computational elements to repre¬ 
sent the prototype stream system: the headwater element, standard element, element just 
upstream from a junction, junction element, last element in system, input element, an 
withdrawal element. Figure 8.6 shows how the prototype system is represented and also 
how stream branches may be subdivided into computational elements. Ri\er r^^ac es are 
the basis for entering most data. They are aggregates of computational e ements. it^ in 

a specified reach, hydraulic data, reaction rate coefficients, initial conditions, and incre¬ 


mental runoff data are considered constant, . . r „ 

QUAL2E-UNCAS is an enhancement to QUAL2E that permits the pertormanc 
uncertainty analyses on steady-state water quality simulations. Three options are a • 
able: sensitivity analysis, Brst-order error analysis, and Monte Carlo simulations I J. 
With this capability, modelers can assess the effect of mode sensitivities an 
tain input data on model forecasts. Thus model forecasts can be used “ 

(probability) of a water quality variable being above or below an acceptable level and 

explore measures for reducing levels of uncertainty. 

The QUAL2E model has three principal components: conceptu P _ ' 

functional representation, and computational representation. Conceptual representanon 
involves a graphic description of the prototype by using geotnettic prop c 
be modeled and identifying boundary conditions and interrelationships among p 
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Figure 8.6 Schematic stream system. 


totype’s components. In general, the prototype is divided into a number of discrete ele¬ 
ments sized to be compatible with the purpose that the model is intended to serve. The 
functional representation entails formulation of the physical features, processes, and 
boundary conditions into sets of algebraic equations. The computational representation 
is the process whereby the functional model is translated into the mathematical forms 
and computational procedures required to run the model over the desired time and space 
continuum. A more detailed description of the conceptual form of QUAL2E, its under¬ 
lying functional representation, its hydraulic features, the longitudinal dispersion model, 
and constituent reactions and interactions follows [11,15]. 
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The QUAL2E Conceptual Form 

Figure 8.7 illustrates a stream reach that has been separated into several subreaches or 
computational elements. For each computational element of length Aj:, a hydrologic 
balance can be written in terms of the flow into the upstream face of the element, exter¬ 
nal sources of withdrawals, and the outflow across the downstream face of the element. 
The nomenclature for these flow components is given in Fig. 8.7. Note that this account¬ 
ing follows that for the elementary DO model discussed earlier. In a similar fashion, a 
mafpriflls balance for any water quality constituent of interest can also be struck. In the 
materials balance, we consider both advection (transport) and dispersion as mechanisms 
for moving the constituent mass along the stream axis. Mass can be added by waste 
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streams and internal sources such as bottom deposits (benthic sources). It can also be 
removed by internal sinks of the same nature. The model assumes that there is complete 
mixing within each computational element. 

Refer again to Fig. 8.7; it will be seen that the stream can be likened to a series of 
completely mixed reactors (computational elements) connected by the mechanisms of 
advection and dispersion. Furthermore, groups of such elements in sequence can be seen 
to constitute reaches as defined in Fig. 8.6. These reaches will be assumed to have the 
same properties relative to hydraulic character, biological and chemical rate constants, 
and other factors. The groupings of reaches ultimately define the entire stream system. 


Functional Representation 


The basic equation of the QUAL2E model is the advection-dispersion mass transport 
equation conceptualized in Fig. 8.7 [11]. This equation is numerically integrated over 
time for each water quality constituent of concern. Embodied in the equation are the 
effects of advection, dispersion, dilution, the reactions and interactions of constituents, 
and any identified sources or sinks. For a particular constituent C, the equation may be 
written 


dM d{A;,DidC/dx) , d{A,uC) , , ^ , 

= -^- dx ---+ (A, dr) — + 5 

at dx dx at 

where 

M = mass (M) 

X = distance (L) 
t = time (T) 

C = concentration (M/L) 

Ax = cross-sectional area (U) 

Dl = dispersion coefficient (L^/T) 
u = mean velocity (L/T) 
s = external source or sinks (M/T) 


Since M = VC, we can write 


( 8 . 10 ) 


^ = = + ( 8 . 11 ) 

dt dt dt dt 

where V is the incremental volume and is the product of the cross-sectional area A^ and 
the length of the element Ax. Now, if we assume that steady-flow conditions prevail, the 
volume contained in the computational element must remain unchanged with time. 
Thus, dVIdt = 0 and Eq. (8.11) reduces to 



m _ 

dC 

V — 

( 8 . 12 ) 


dt 

: dt 


Inserting V{dC/dt) for dMIdt in Eq. (8.10) and rearranging gives 



_ diAxDLdC/dx) 

diAxUC) , dC , s 
~~~ "f* 

( 8 . 13 ) 

dt 

Ajcdx 

Axdx dt . ■ 
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The terms on the right-hand side represent dispersion, advection, constituent 
changes, external sources and sinks, and dilution, in that order. The term dC/dt reflects 
constituent changes such as decay or growth. Examples of such changes are reaeration, 
coliform die-off, and algal respiration and photosynthesis. 

Under steady-state conditions, the local derivative becomes zero; thus 

dC/dt = 0 • (8.14) 

Changes that occur to individual constituents or particles that are independent of advec¬ 
tion, Aspersion, and waste inputs are defined by 

dC/dt = individual constituent changes (8.15) 

These changes include the physical, chemical, and biological reactions that take place 
in a stream. 


Hydraulic Features 

It has been noted that an assumption of QUAL2E is that stream flow is steady state. 
Thus, dQ/dt = 0. From Fig. 8.7, it can be seen that the flow balance for a computational 
element can be written 



(8.16) 


where (g is the sum of external withdrawals and/or inflows to the element. After the 
flow is determined using Eq. (8.16), it is a simple matter to determine other hydraulic 
properties, such as the average velocity u and the depth of flow and cross-sectional area. 


Longitudinal Dispersion 

Dispersion is defined as being associated with spatially averaged velocity varianon [11 ]. 
It is a convective transport mechanism. Various investigators have smdied the dis^rsion 
process. The QUAL2E model recognizes an expression for the dispersion cwflicienl 
Dl developed by Elder for relatively narrow channels where one-dimensional flow can 
be assumed: 

Dl = 3.%2Knud^'^ 

where d is the mean depth in feet in the stream and u* is the average shear velocity [11]. 
For very wide c hann els, an expression derived by Fisher is used. 

Dl = 22.6nud^^^^ 

where 

= longitudinal dispersion coefficient, ft*/s 
n = Manning’s roughness coefficient 
u = mean velocity, 
d = mean depth, ft 

K = dispersion constant (dimensionless) [11] 
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Constituent Reaction 

A number of rate parameters as well as parameters describing various chemical and 
biological processes are required for use in the QUAL2E model. Reactions affecting the 
increase or decrease of constituent concentrations are often expressed in first-order ki¬ 
netic terms. Thus, it is assumed that reaction rates are proportional to constituent con¬ 
centrations. Although the actual processes modeled are sometimes characterized by 
higher-order kinetics, the assumption that they can be approximated by first-order rela¬ 
tionships often proves adequate for many natural river systems [16]. Equation (8,4), 
representing the dissolved-oxygen deficit in a river reach, is illustrative of the types of 
reaction equations used in many water quality models. 

In the QUAL2E model, major interactions of the nutrient cycles, atmospheric aer¬ 
ation, algal production, benthic oxygen uptake, carbonaceous oxygen demand, and their 
effect on dissolved oxygen in a stream are considered. These interactions are illustrated 
in Fig, 8.8. The arrows show the direction of normal system progression in a moderately 
polluted situation [11], Under some circumstances, as when oxygen supersaturationoc- 



Figure 8.8 Major constituent interactions in QUAL2E. 
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curs, oxygen can be driven from solution and the direction shown in the figure will be 
in error. 

The coliforms and the arbitrary nonconservative constituent are considered decay¬ 
ing constituents. They are not treated as having interactions with other constituents. By 
definition, the conservative constituents do not decay or interact. They are subject only 
to mixing and thus dilution. The mathematical relationships describing individual con¬ 
stituent reactions and interactions are described in the EPA computer program docu¬ 
mentation manual for QUAL2E [11]. A more detailed treatment of these is beyond the 
scope of this text. For further information, the EPA manual and other references should 
be consulted [1,6,9,11-15]. The complete user’s manual and program documentation 
can be obtained from the World Wide Web (http://www.epa.gov/epahome/Data.html). 


8.4 Other Models 

Many water quality models have been developed since the early 1970s. EPAs Storm 
Water Management Model (SWMM) was discussed in Chapter 6 and the EPA QUAL2E 
model was described in the previous section. A brief listing, with references, of several 
water quality models is given in Table 8.1. Some of these models are very limited in 
scope and drainage area size; others can be applied to large drainage basins. Several 
models are a{^licable to agricultural watersheds, some are designed for application to 
urban areas, and others, such as QUAL2E, may be applied to complex stream systems. 

Because of the importance of lakes, reservoirs, and groundwater systems, many 
models have also been developed for application to these systems [18—23]. In general, 
they are complex models that must accommodate some features not found in the models 
discussed herein. A discussion of these models is beyond the scope of this book, for 
further information, the reader should consult the references at the end of the chapter. 


Table 8.1 A Listing of Some Water Quality Models _ 

Storm Water Management Model SWMM - EPA [3] (see also Chapter 6) 

QUAL2E and QUAL2E-UNCAS - EPA [11] 

Water Quality Simulation Program WASP - EPA [31] 

Storage Treatment and Overflow Model (STORM) - USAGE [32] 

Battelle Urban Runoff Management Model [33] 

Agricultural Non-Point Source Pollution Model AGNPS - USDA [34] 

Agricultural Chemical Transport Model (ACTMO) - USDA [35] 

Agricultural Runoff Management Model (ARM) - EPA [36] 

Microcomputer-Based Modeling System—Rivers and Channels 
Nonpoint Simulation Model (NPS) - EPA [38] 

Land Runoff Model (LANDRUN) - UC [39] 

Hydrologic Simulation Progr am HSPF [40] ____ 

EPA - U.S. Environmental Protection Agency 
USAGE - U.S. Army Corps of Engineers 
USDA - U.S. Department of Agriculture 
DHI - Danish Hydraulic Institute 
UC - International Joint Commission 
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8.5 Reliability of Water Quality Models 

Although water quality models have become recognized tools to aid planners and man¬ 
agers, it must be understood that their usefulness, reliability, and acceptance are quite 
variable. Even when the theory underlying a given situation to be modeled is well un¬ 
derstood, the complexity of most issues requires that simplifying assumptions be made. 
The introduction of such assumptions creates an element of uncertainty in model output. 
The degree of uncertainty depends on the nature of the model and the conditions 
specified. 

The blind acceptance by planners and managers of the sophisticated-looking out¬ 
puts of many models is cause for concern. Most models are only rough approximations 
and their use must incorporate this understanding. On the other hand, the wise applica¬ 
tion of modeling techniques to planning and management issues adds a dimension of 
power that should be made the most of. If one understands the model and its limitations, 
interpretation of its results can be enlightening. Models are often most useful for com¬ 
paring alternatives rather than being depended on to produce single outcomes. 

According to Novotny and Chesters, the most accurate models are hydrologic mod¬ 
els relating to small impervious areas. The least reliable are models of water quality for 
large watersheds [6]. 


Problems 

8.1 The 5-day, 20° C BOD of a waste is 250 mg/1, and its temperature is 85°F. The 
5-da> 20°C BOD of the water in a stream is 5 mg/1, and its temperature is 55°F. 
What will be the 5-day, 20° C BOD of the stream below the point of waste dis¬ 
charge when the total flow is 150 cfs and the waste flow is 0.5 mgpd? Assume 
that the BOD rate is constant and the K at 20°C is 0.35 for both the stream and 
the waste 

8.2 The sewage flow from a city is 25 X [O'* gpd. If the average 5-day 20°C BOD is 
265 nig/l. compute the total daily oxygen demand in pounds and the population 
equixalent of the sewage 

8.3 A cit\ i)t 150.000 population produces sewage at the rate of 150 gpcd, and the 
waste treatment plant effluent has a BOD of 19 mg/1. The temperature of the 
waste is 26. TC, and there is 1.4 mg/1 of DO in the plant effluent. The stream 
flow is 161 cts at 1.3 fps and an average depth of 5 ft. The temperature of the 
stream before the waste flow is introduced is 21.2°C. The stream is 85% satu¬ 
rated with oxygen and has a BOD of 1.8 mg/1. The deoxygenation coefficient 
IS equal to 0.45 at 20° C. Graph the oxygen sag curve. 

8.4 If all 7 mg/1 of DO in a clean turbulent stream can be counted on for the oxida¬ 
tion of organic matter in domestic waste (the reaeration is a factor of safety 
against nuisance), what should be the dilution factor in cfs per 1000 population 
if the waste flow is 150 gpd and its BOD is 230 mg/1? 

8.5 A city discharges 4 mgpd of 15°C sewage with a 5-day, 20°C BOD of 250 mg/1 
into a stream whose discharge is 78 cfs; the water temperature is 17°C. If kj is 
equal to 0.28 at 20°C, what is the critical oxygen deficit and the time at which it 
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occurs? Assume that the stream is 100% saturated with oxygen before the sew¬ 
age is added. 

8.6 A stream with ^2 equal to 0.31, temperature of 28®C, and minimum flow of 
800 cfs receives 10 mgd of sewage from a city. The river water is saturated with 
DO above the city. What is the maximum permissible BOD of the sewage if the 
dissolved-oxygen content of the stream is never to be below 4.0 mg/1? 
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Systems for Treating 
Wastewater and Water 


Prologue 

The purpose of this chapter is to: 

■ Describe types of systems that maintain water quality 

■ Summarize the roles of the different processes that comprise treat¬ 
ment systems 


This chapter provides an overview of wastewater and water treatment systems relative 
to water pollution and water quality. Sections on selection of wastewater and water treat¬ 
ment processes introduce subsequent chapters that deal separately with physical, chemi¬ 
cal, biological, and sludge treatment methods. They also summarize subsequent chapters 
by drawing the unit processes into integrated treatment systems. Note: Students should 
refer to Sections 9.5 and 9.8 while studying Chapters 10-13. 


WASTEWATER TREATMENT SYSTEMS 

The purpose of municipal wastewater treatment is to prevent pollution of the receiving 
watercourse. Characteristics of a municipal wastewater depend to a considerable extent 
on the type of sewer collection system and industrial wastes entering the sewers. The 
degree of treatment required is determined by the beneficial uses of the receiving stream 
or lake. Stream pollution and lake eutrophication resulting from municipal wastes are 
particularly troublesome in water use for water supplies and recreation. 


9.1 Industrial Wastewaters 

An industry has three possibilities for disposal of process wastewaters: (1) they may be 
treated separately in an industrial waste treatment plant prior to discharge to a water¬ 
course, (2) raw wastewaters may be discharged to the municipal treatment plant for 
complete treatment, or (3) industrial wastewaters can be pretreated at the industrial site 
prior to discharge in the municipal sewerage system. A careful study must be performed 
to determine the most feasible method for disposal. Discharge to a municipal plant re- 
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lieves the industry of wastewater treatment, and the municipality accepts the responsi¬ 
bility for its disposal. 

Joint treatment of industrial and domestic wastewaters has several advantages. Only 
one major treatment plant is required, often resulting in more economical operation. The 
responsibility for operation is placed with one owner. The majority of industrial wastes 
are more amenable to biological treatment after dilution with domestic wastewater. 

Three categories of wastes should be excluded from the municipal sewers: those 
that (1) createa fire or explosion hazard (e.g., gasoline or cleaning solvents), (2) impair 
hydraulic capacity (e.g., paunch manure or sand), or (3) create a hazard to people, the 
sewer system, or the biological treatment system (e.g., toxic metal ions or hazardous 
organic chemicals). 

Large volumes of high-strength wastewaters must be considered in the design ca¬ 
pacity of municipal plants, since overloaded treatment plants resulting from industrial 
expansion become a serious problem. Facilities constructed on funds provided from a 
20-yr bond issue frequently reach design loading in 5-10 yr. A municipal sewer code, 
user fees, and separate contracts between an industry and the city can provide adequate 
control and sound financial planning, while accommodating industry by joint waste- 
water treatment. A municipality should enact a sewer ordinance and establish charges 
for industry to protect the public investment in its treatment plant. 

Pretreatment should be considered for industrial discharges that have strengths or 
characteristics differing significantly from domestic wastewater. Only a fine line of dif¬ 
ference may exist between an untreatable trade waste and one that can be jointly treated 
after removal of toxic wastes, equalization of the wastewater flow, and strength reduction. 


Process Modifications 

Pretreatment of wastewaters at the industrial sites are frequently an integral part of plant 
design. Process changes, equipment modifications, by-product recovery, and wastewater 
reuse can have an economic advantage. Industries with a large volume of high-strength 
watewater should consider recovery processes to reduce the pollution load on the mu¬ 
nicipal treatment plant. For example, a tannery in the dehairing process can use a pro¬ 
prietary unhairing compound with low sulfides and realize significant BOD reductions in 
comparison with the usual high-sulfide process. Most industne.s have installed counter- 
current washing or spray-rinsing systems to reduce water consumption. Collecting and 
processing blood is a good example of by-product recovery by the meat industry of a 
salable commodity. Reuse of water is practiced extensively by closed systems in paper 
production. Thus, a paper mill can recycle white water (.that passing through a wire 
screen upon which paper is formed), thus saving costs of both supply and treatment. 

Segregation of Wastewaters 

In many older industrial plants, process, cooling, and sanitary wastewaters are ini.xed in 
one sewer line. Modern industrial treatment dictates segregation of these waste streams 
for separate di.sposal, individual pretreatment, or controlled mixing. Cooling water, al¬ 
though slightly contaminated by leakage, corrosion, and heat, generally contains little 
or no pollutional organic matter. Therefore, it can be di.sposed of in a storm sew'er or 
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directly in a watercourse provided that thermal pollution is not a problem. Segregated 
waste streams containing coarse solids (i.e., paunch manure, feathers, com, onion peel¬ 
ings, and hair) can be screened readily. Combined waste streams having coarse solids 
mixed with grease and sanitary wastes are more difficult to screen. 

Equalization 

Industries using a diversity of processes may be required to equalize wastes by holding 
them in a basin for a certain period of time to get a stable effluent that is easier to treat 
in a municipal plant. Neutralization of alkaline and acid waste streams, stabilization of 
BOD, and settling of heavy metals are some objectives of equalization. Textile mill 
wastes discharged to a municipal plant must be equalized to prevent fluctuations in pH 
and BOD, which upset the efficiency of a biological treatment system. Unequalized 
wastewaters high in alkalinity or acidity commonly require neutralization by chemical 
addition to prevent upsetting the system. 

Waste Strength Reduction 

Certain industrial wastes can be pretreated to reduce the organic or inorganic solids prior 
to disposal in a municipal plant. Tannery or textile wastes may require equalization and 
sedimentation to decrease settleable solids. Dairy wastes from a bottling plant, a cream¬ 
ery, or a cheese factory located on the sewer line a considerable distance from the 
municipal plant may require pretreatment by aeration to prevent acidific, malodorous 
influent wastewater. Reduction in drippage and spillage, and by-product recovery in 
milk processing can reduce the strength of dairy wastes significantly. Whole milk has a 
BOD of approximately 100,000 mg/1, and whey a BOD of 35,000 mg/1. 

Metal-plating wastes containing cyanide, chromium, zinc, copper, and other heavy 
metals may require treatment in addition to equalization if the toxic ions are not suffi¬ 
ciently diluted with domestic wastewater. Chemical treatment by oxidation or coagula¬ 
tion is commonly used for removal of these inorganic pollutants. Waste streams with 
high concentrations of refractory pollutants (i.e., salt or ammonia nitrogen) must be 
regulated at the plant site if the municipal waste disposal system does not have sufficient 
assimilative capacity. 


9.2 Infiltration and Inflow 

Infiltration is groundwater entering sewers and building connections through defective 
joints and cracks in pipes and manholes. Inflow is water discharged into service connec¬ 
tions and sewer pipes from foundation and roof drains, outdoor paved areas, cooling 
water from air conditioners, and unpolluted discharges from businesses and industries. 
Excessive infiltration and inflow cause surcharging of sewer lines with possible backup 
of sanitary wastewaters into basements, hydraulic overloading of treatment facilities, 
and bypassing of pumping stations or processing plants. 

The amount of infiltration depends on condition of the sewer system, groundwater 
levels, and porosity of the soil profile. Proper design, selection of sewer pipe with water- 
ti^t joints, and supervision during constraction can limit the quantity of seepage. Speci- 
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fications for new construction permit a maximum infiltration rate of 200-300 gpd/mi/ 
in. of pipe diameter. This quantity of flow is equal to about 3% of the peak hourly, or 
7% of the average, domestic wastewater flow rate. Evaluation of an existing sewer sys¬ 
tem is initiated by measuring both the wet- and dry-weather flows to determine sources 
and quantities of excessive infiltration. Possible corrective measures include grouting or 
sealing soils, relining pipe, and sewer replacement. 

Inflow is.the result of deliberately connecting sources of extraneous water to sani¬ 
tary sewer systems. Stormwater and drainage should be disposed of in storm sewers; 
however, sanitary lines are often more convenient because of their greater depth of 
burial and convenient location. Establishing and enforcing a sewer-use regulation that 
excludes unpolluted waters from separate sanitary collectors is an effective method of 
preventing excess inflow. A municipal sewer code should require disposal of surface 
mnoff, foundation drainage, air-conditioning effluents, industrial cooling waters, and 
other clean waters to storm sewers or natural drainage courses. Where problems already 
exist, surveys can be conducted to locate illegal connections and institute corrective 
measures. 


9.3 Combined Sewers 

Combined wastewater collection systems have only one sewer pipe network to collect 
domestic wastewater, industrial wastes, and storm runoff water. The dry-weather flow 
(domestic and industrial wastewater, plus street drainage from washing operations and 
lawn sprinkling) is intercepted for treatment. If, during storms, the combined wastewater 
and mnoff water exceed the capacity of the treatment plant, the overflow is bypassed 
directly to the receiving watercourse without treatment. This excess may result in sig¬ 
nificant pollution, even during high river stages, and create a health hazard for the down¬ 
stream water use. Combined sewers are no longer acceptable except in cities having 
combined systems, where separate systems are not feasible due to a lack of storm sewer 
outfalls. 

In the United States, many cities along rivers built combined sewers to convey both 
storm runoff and sanitary wastewater directly to the river through a series of lines ori¬ 
ented perpendicular to the river. Required treatment of sanitary wastewater resulted in 
constmction of a collector sewer along the river to intercept the dry-weather flow in 
combined sewers and convey it to a treatment plant. The flow entering a collector line 
from a combined sewer is commonly regulated by a gate or weir arrangement. The dry- 
weather flow from an overlying combined sewer falls into the interceptor below, but the 
greater wet-weather flows, with their higher velocities, leap across the opening and flow 
directly to the river. 

In many cities, only the older sections are served by combined sewers. In other 
cities, the sanitary sewers in aging neighborhoods are cracked and the mortar joints 
deteriorated, so infiltration of groundwater is excessive during wet seasons. Foundation 
drains and roof downspouts are sometimes connected to the sanitary sewer; hence the 
design of a municipal plant must consider these hydraulic loads or eliminate the high 
flows by reconstruction. If drainage from streets is involved, special consideration 
should be given to the design of bar screens and grit-removal units to prevent carryover 
of solids damaging to subsequent treatment equipment. 
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9.4 Purposes of Wastewater Treatment 

The location of a typical municipal wastewater treatment plant is illustrated in Fig. 9.1, 
Wastewaters from households, industries, and combined sewers are collected and trans¬ 
ported to the treatment plant with the effluent commonly disposed of by dilution in 
rivers, lakes, or estuaries. This is normally the only feasible method of disposal and, for 
some communities on small rivers, the only system that ensures adequate downstream 
river flow during periods of drought. Other means of disposal include irrigation, evapo¬ 
ration from lagoons, and submarine outfalls extending into the ocean. 

Water quality criteria have been established for receiving waters to assist in defining 
the degree of treatment required for disposal by dilution. Effluent standards prescribe 
the required quality of the discharge from each municipality and industry. In general, the 
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minimum extent of processing is secondary treatment. Some cities and industries are 
required to install tertiary or advanced wastewater treatment processes for removal of 
pollutants that are resistant to conventional treatment, e.g., removal of phosphorus to 
retard eutrophication of receiving lakes. Stream classification documents, published by 
each state as required by federal law, categorize surface waters according to their most 
beneficial present or future use (i.e., for drinking water supplies, body-contact recrea¬ 
tion, etc.). These publications also incorporate stream standards that establish maximum 
allowable-pollutant concentrations for a given stream under defined flow conditions. 
Effluent standards under the National Pollutant Discharge Elimination System (NPDES) 
are used for regulatory purposes to achieve compliance with these stream standards. 

Rules and regulations of the Environmental Protection Agency define the minimum 
level of effluent quality that must be attained by secondary treatment of municipal waste- 
waters. Acceptable secondary effluent is defined in terms of biochemical oxygen de¬ 
mand, suspended solids, oil and grease, fecal coliform bacteria, and pH. The arithmetic 
mean of BOD and suspended-solids concentrations for effluent samples collected in a 
period of 30 consecutive days must not exceed 30 mg/1; and, during any 7-consecutive- 
day period, the average must not exceed 45 mg/1. Furthermore, removal efficiencies 
shall not be less than 85% (i.e., if an influent concentration is less than 200 mg/1, the 
effluent cannot exceed 15% of this value). For concentrations of oil and grease, the 
arithmetic mean must exceed neither 10 mg/1 for any period of 30 days nor 20 mg/1 for 
any period of 7 days. Where specified in a discharge permit, the geometric mean of fecal 
coliform counts for effluent samples collected in a period of 30 consecutive days must 
not exceed 200 per 100 ml; and the geometric mean of fecal coliform bacteria for any 
7-consecutive-day period must not exceed 400 per 100 ml. The effluent values for pH 
shall remain within the limits 6.0—9.0. These numerical limitations have been modified 
for some treatment processes where higher concentrations of BOD, suspended solids, 
and fecal coliforms do not create a problem in effluent disposal. Stabilization ponds are 
often permitted to discharge suspended-solids concentrations of 50—70 mg/i, since 
these suspended solids are algae with little or no raw organic matter. Disinfection for 
control of bacterial populations may not be required at any time if no threat to public 
health exists. 

Meeting the 30 mg/1 BOD and suspended-solids effluent requirement calls tor a 
well-designed plant that is properly operated. Moderately loaded activated-sludge pro¬ 
cesses, biological towers, and two-stage trickling-filter plants are capable of achieving 
this degree of treatment. However, some designs that were popular in the past are not 
efficient enough (e.g., single-stage trickling-filter plants and high-rate activated-sludge 
systems). Reduction of fecal coliforms to a level of 200 per 100 ml requires disinfection 
with chlorine. Facultative stabilization ponds handling raw wastewater are not able 
to meet discharge standards without further treatment. The main problem is the high 
suspended-solids content of the lagoon water during the summer due to growth of algae. 
Where the average suspended-solids content cannot exceed 30 mg/1, the best solution 
in most cases is disposal by land irrigation or evaporation of the liquid from complete 
retention lagoons to avoid effluent discharge to surface waters. 

Refractory contaminants, both inorganic and organic materials, are pollutants resis¬ 
tant to, or totally unaffected by, conventional treatment processes. The mineral quality 
of wastewater depends largely on the character of the municipal water supply, but during 
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water use numerous substances are added such as common salt (sodium chloride) and 
other dissolved solids. Phosphates, which occur in low concentrations in most natural 
waters, are increased during municipal use. Organic nitrogeneous compounds decom¬ 
pose to ammonia and to a variable extent oxidize to nitrates in treatment. Certain high , 
molecular-wei^t materials (e.g., tannins and lignins) and aromatic compounds (e.g., 
surfactants and dyes) are resistant to biological degradation. Rivers are also polluted by 
waste effluents from industries and agricultural chemicals in land runoff. The latter in¬ 
cludes refractory pesticides such as chlorinated hydrocarbons. 

If a refractory pollutant originates from an industrial waste that can be segregated, 
the pollutant may be removed by pretreatment, or by eliminating the isolated waste 
stream using land burial, or incineration rather than disposal in a sewer. Highly colored 
industrial waste streams can be handled by chemical treatment or separate disposal. 
Common plant nutrients are derived from organic matter and phosphate builders of 
detergents found in domestic wastewaters. Phosphorus and nitrogen removals in con¬ 
ventional treatment are only about 30%, depending on the types of processes and con¬ 
centrations in the raw wastewater. Advanced treatment methods are required for greater 
nitrogen reduction and phosphoms removal. 

Eutrophication of a lake induced by municipal wastewater can be retarded by remov¬ 
ing the source of plant nutrients, notably phosphorus. This is accomplished by treatment 
of the wastewater employing advanced treatment processes. No ready solution exists for 
removing nutrients from runoff, either from natural land or cultivated fields. Before 
instituting phosphorus and nitrogen removal from a municipal wastewater, therefore, a 
survey should determine existing levels and identify sources. Although in many cases 
municipal wastes have been the major origin of phosphorus, various receiving waters 
have concentrations well above the desirable limit originating from land drainage. 


9.5 Selection of Treatment Processes 

Conventional wastewater treatment consists of preliminary processes (pumping, screen¬ 
ing, and grit removal), primary settling to remove heavy solids and floatable materials, 
and secondary biological aeration to metabolize and flocculate colloidal and dissolved 
organics (Fig. 9.2). Waste sludge drawn from these unit operations is thickened and 
processed for ultimate disposal. 



Figure 9.2 Schematic diagram of conventional wastewater treatment. 
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Preliminary Treatment Units 

The following preliminary processes are used in municipal wastewater treatment: coarse 
screening (bar racks), medium screening, shredding of solids, flow measuring, pumping, 
grit removal, and preaeration. Although not common in pretreatment, flotation, floccu¬ 
lation, and chemical treatment are sometimes dictated by the industrial pollutants in the 
municipal wastewater. Flotation is used to remove fine suspensions, gre^, and fats and 
is performed either in a separate unit or in a preaeration tank also used for grit removal. 
If adequate pretreatment is provided by petroleum industries and meat-processing plants, 
flotation units are not required at a municipal facility. Flocculation with or without 
chemical additions may be practiced on high-strength municipal wastewaters to provide 
increased primary removal and prevent excessive loads on the secondary treatment pro¬ 
cesses. Chlorination of raw wastewater is sometimes used for odor control and to im¬ 
prove settling characteristics of the solids. 

The arrangement of preliminary treatment units varies depending on raw waste- 
water characteristics, subsequent treatment processes, and the preliminary steps em¬ 
ployed. A few general rules always apply in arrangement of units. Screens are used to 
protect pumps and prevent solids from fouling grit-removal units and flumes. In small 
plants a Parshall flume is normally placed ahead of constant-speed lift pumps, but may 
be located after them in large plants or where variable-speed pumps are used. Grit re¬ 
moval should be placed ahead of the pumps when heavy loads are anticipated, although 
the grit chamber follows the lift pumps in most separate sanitary wastewater plants. 
Three possible arrangements for preliminary units are shown in Fig. 9.3. 
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Figure 9.3 Possible arrangements of preliminary treatment unit^ in municipal 
wastewater processes. 
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Primary Treatment Units 

Primary treatment is sedimentation. In common usage, the term usually includes the 
preliminary treatment processes. Sedimentation of raw wastewater is practiced in all 
large municipal plants and must precede trickling (biological) filtration. Completely 
mixed activated-sludge processes can be used to treat unsettled raw wastewater; how¬ 
ever, this method is generally restricted to small municipalities because of the costs 
involved in sludge disposal and operation. 


Secondary Treatment Units 

Primary sedimentation removes 30%—50% of the suspended solids in raw municipal 
wastewater. Remaining organic matter is extracted in biological secondary treatment to 
the allowable effluent residual using activated-sludge processes, trickling filters, or ro¬ 
tating biological contactors. In the activated-sludge method, wastewater is fed continu¬ 
ously into an aerated tank, where microorganisms synthesize the organics. The resulting 
microbial floe (activated sludge) is settled from the aerated mixed liquor under quiescent 
conditions in a final clarifier and returned to the aeration tank (Fig. 9.2). The plant 
effluent is clear supernatant from secondary settling. Advantages of suspended-growth 
aeration are high-BOD removals, ability to treat high-strength wastewater, and adapta¬ 
bility for future use in plant conversion to advanced treatment. On the other hand, a high 
degree of operational control is needed, shock loads may upset the stability of the bio¬ 
logical process, and sustained hydraulic or organic overloading results in process failure. 

Trickling filters and rotating biological contactors have media to support microbial 
films. These slime growths extract organics from the wastewater as it trickles over the 
surfaces. Oxygen is supplied from air moving through voids in the media. Excessive 
biological growth washes out and is collected in the secondary clarifier. In northern 
climates, two-stage shallow trickling filters are needed to achieve efficient treatment. 
Biological towers (deep trickling filters) may be either single- or two-stage systems. 
Advantages of filtration are ease of operation and capacity to accept shock loads and 
overloading without causing complete failure. 

Sludge Disposal 

Primary sedimentation and secondary biological flocculation processes concentrate the 
waste organics into a volume of sludge significantly less than the quantity of wastewater 
treated But disposal of the accumulated waste sludge is a major economic factor in 
wastewater treatment. The construction cost of a sludge processing facility is approxi¬ 
mately one-third that of a treatment plant. 

Flow schemes for withdrawal, holding, and thickening raw waste sludge from 
sedirnentation tanks are illustrated in Fig. 9.4. The settled solids from clarification of 
trickling-filter effluent are frequently returned to the plant head for removal with the 
primary sludge (top diagram. Fig. 9.4). Raw settlings may be stored in the primary tank 
bottom until processed or pumped into a holding tank for storage. The withdrawn sludge 
nnay be concentrated in a gravity thickener prior to processing. In the bottom diagram 
K ^ waste-activated sludge is mixed with primary residue after withdrawal. A 
holdmg tank is commonly used in this system arrangement, along with a thickener. The 
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aeration; S, secondary settling. 

waste activated may be thickened separately or the combined sludges thickened prior to 
processing. 

Alternatives for processing and disposal of raw sludge are shown in Rg. 9.5. Com¬ 
mon methods are anaerobic digestion and mechanical dewatering by belt filter pressing 
or centrifugation. Conventional methods of disposal are application as a fertilizer/soil 
conditioner on agricultural land and landfill in a dedicated disposal site or codisposal 
with municipal solid waste. In small plants, anaerobically digested sludge may be ap¬ 
plied on agricultural land by surface spreading or subsurface injection through chisel 
plows. Dewatered raw sludge must be covered by soil the same day if applied on the 
surface or buried. Therefore, the common methods are codisposal in a municipal solid 
waste landfill or disposal in a dedicated disposal site. Incineration, although significantly 
higher in cost, is sometimes the only acceptable method of sludge disposal m li^ge urban 
areas. Waste-activated sludge from a plant without primary sedimentation is usually 
stabilized by aerobic digestion and spread on the land surface as a liquid or mechanically 
dewatered for application on agricultural land. 

All possible sludge disposal processes for a municipal treatment plant must be given 
careful consideration. The method selected should be the most economical process, if it 
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Figure 9.5 Common methods for processing and disposal of raw 
waste sludge. 


is best, with due regard to environmental conditions. Attention must be given to such 
factors as tracking sludge through residential areas, future use of landfill areas, ground- 
water pollution, air pollution, other potential public health hazards, and aesthetics. 


Advanced Wastewater Treatment 

Phosphorus removal is practiced in processing wastewaters that are discharged to re¬ 
ceiving waters subject to eutrophication, including lakes, reservoirs, and slow-moving 
rivers acting as impoundments. Since nitrogen removal is much more difficult and costly, 
it is rarely performed, although nitrification to reduce the ammonia content is sometimes 
done to control the oxygen demand and toxicity of the plant effluent. Water reclamation 
is achieved in varying degrees by many plants depending on the local environmental 
concerns; however, only a few large-scale plants are reclaiming water to near original 
quality. Advanced wastewater treatment systems are discussed in Chapter 14. 


Size of Municipality 

Operational management and control and the necessity for sludge handling dictate the 
selection of wastewater treatment processes for small communities. Methods that do not 
require sludge disposal (stabilization ponds) or only occasional sludge withdrawals (ex¬ 
tended aeration) are preferable for small villages and subdivisions. Towns large enough 
to employ a part-time operator frequently use systems that require more operational 
control and maintenance (e.g., oxidation ditch plants). Cities with trickling-filter and 
activated-sludge treatment plants employ several workers. 

Listed in Table 9.1 are the common types of wastewater treatment plants built in 
municipalities of various sizes. Many existing plants do not conform to the listing in 
Table 9.1. Some are no longer popular and others were selected on the basis of unique 
local conditions. 


Layout of Treatment Piants 

The flow diagram for a two-stage trickling-filter plant is given in Fig. 9.6, and an aerial 
view is shown in Fig. 9.7. The sequence of wastewater treatment units is the influent 
pumping station with a mechanically cleaned bar screen, primary clarification tanks. 



Table 9.1 Common Types of Wastewater 
Treatment Plants for Municipalities of 
Various Sizes _ 

Subdivisions, schools, etc.: 

Extended aeration (factory built) 

Stabilization ponds 
Towns (populations less than 2000): 

Extended aeration 

Contact s'tabilization (field erected, factory built) 
Oxidation ditch 
Stabilization ponds 
Small cities (2000-8000 population): 

Oxidation ditch 

Completely mixed activated sludge without 
primary 

Primary plus trickling filters 
Primary plus rotating biological contactors 
Cities (population greater than 10,000): 

Primary plus trickling filters 
Primary plus activated sludge 



Figure 9.6 Plant layout for a two-stage trickling-filter plant, Sidney. NE. 
Average design flow of 1.0 mgd with 210 mg/( of BOD and 230 mg/I of 
suspended solids and maximum wet-weather flow of 2.4 mgd. (Courtesy of 
HDR Engineering, Inc.) 
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Figure 9.7 Aerial view of two-stage filter plant shown in Fig. 9.6. (Courtesy of HDR 
Engineering, Inc.) 


first-stage trickling filter, intermediate clarifier, second-stage filter, and final clarifiers. 
The stone-media biological filters are covered with aluminum domes to prevent ice for¬ 
mation and retain an adequate wastewater temperature during the winter. For optimum 
removal of organic matter, trickling-filter recirculation and humus return are controlled 
to maintain a constant hydraulic loading rate. Humus washed off the filter media collects 
in the intermediate and final clarifiers. Underflow from these clarifiers to the influent 
pumping station is controlled to return more flow at night when raw wastewater inflow 
is reduced. Primary sludge containing raw organics and filter humus is withdrawn from 
the bottom of the clarifiers and pumped into the first-stage anaerobic digester for stabi¬ 
lization. The second-stage digester is for storage and thickening of the digested sludge 
and collection of methane gas under a floating-dome cover for use as a fuel. The di¬ 
gested sludge is dewatered to a cake on drying beds. The liquid sludge can also be 
composted with wood chips. 

The sequence of wastewater treatment units in the activated-sludge plant dia¬ 
grammed in Fig. 9.8 is as follows: headworks consisting of mechanically cleaned bar 
screens, screenings compactor and vortex grit remover; influent pumping station; pri¬ 
mary clarifiers; aeration tanks followed by final clarifiers; return activated-sludge pump¬ 
ing station; chlorination tank; treated water storage ponds; and dechlorination prior to 
discharge to the river or for irrigation. Cascade aeration increases the the dissolved- 
oxygen level in the effluent to the river, and effluent pumping conveys the effluent to 
irrigation. After dewatering in a compactor, screenings and grit are hauled to a landfill. 
Fine-bubble diffusers in the aeration tanks provide high-efficiency oxygen transfer for 
suspended-growth biological treatment. Primary sludge is pumped through a grinder 
and blended with waste-activated sludge after it is thickening by dissolved-air flotation. 
The mixed sludges are stabilized by anaerobic digestion and then pumped into a storage 
tank. After concentrating from approximately 2% to 7% on gravity belt thickeners, the 
biosolids are applied to agricultural land as a fertilizer/soil conditioner. 
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WATER TREATMENT SYSTEMS 


9.6 Water Sources 

Typical water sources for municipal supplies, illustrated in Fig. 9.9, are deep wells, 
shallow wells, rivers, natural lakes, and impounding reservoirs. No two sources of 
supply are alike, and the same origin may produce water of varying quality at different 
times. Water treatment processes selected must consider the raw water quality and dif¬ 
ferences in quality for each particular water source. 

Municipal water quality factors of safety, temperature, appearance, taste and odor, 
and chemical balance are most easily and frequently satisfied by a deep-well source. 
Furthermore, the treatment processes employed are simplest because of the relatively 
uniform quality of such origin. Excessive concentrations of iron, manganese, and hard¬ 
ness habitually exist in well waters. Some deep-well supplies may contain hydrogen 
sulfide; others may have excessive concentrations of chlorides, sulfates, and carbonate. 
Hydrogen sulfide can be removed by aeration or other oxidation processes, but the 
prevalent sodium and potassium salts of anions bicarbonate, chloride, and sulfate are 
refractory inorganics. Calcium and magnesium can be removed by precipitation soft¬ 
ening. E.xcessive concentration of fluoride, responsible for mottled enamel of the teeth, 
has in rare cases caused a municipality to abandon a well supply source. The mineral 
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constituents of a potential groundwater source should be carefully examined in selecting 
a deep-well water supply. 

Shallow wells recharged by a nearby surface watercourse may have quality char¬ 
acteristics similar to deep wells or may relate more closely to the watercourse quality. A 
sand aquifer adjacent to a river may act as an effective filter for removal of organic matter 
and as a heat exchanger for leveling out temperature changes of the recharge water 
seeping into it. A case in point is the municipal water supply for Lincoln, Nebraska, 
located in the Platte River Valley near Ashland. The wells are located in a sand aquifer 
adjacent to the river channel. Chemical composition of the well water and river water is 
nearly identical. River water temperature varies from SO^F in the summer to 33°F in the 
ivinter, whereas the well water temperature remains within 3° of 56° F year round. None 
of the bacterial or organic pollution existing in the river has been identified in the well 
water. Another shallower well field located adjacent to the Platte River in a coarser sand 
and gravel aquifer withdraws water of significantly poorer quality after peak pumping 
periods. The well water temperature increases to nearly 70** F in late summer and bacte¬ 
rial counts in the raw water rise. Clogging of the well screens, attributed in part to 
bacterial slime growths, has occurred in some wells. 

To predict water quality from shallow wells, careful studies of the aquifer and na¬ 
ture of recharge water are necessary. Quantity of the well water depends upon such 
things as aquifer permeability, well spacing and depth, seasonal changes in nver flow, 
and pumping rates. The best way to evaluate these variables is by full-scale field pump¬ 
ing tests or by checking similar existing well fields. 

Pollution and eutrophication are major concerns in selecting' and treating surface 
water supplies. Where these are highly contaminated and difficult to treat, municipalities 
seek either groundwater supplies or alternate less polluted surface sources within a 
feasible p ump ing distance. However, in many regions of the United States,’ adequate 
groundwater resources are not available and high-quality surface supplies are not within 
economic reach. Although the majority of municipal water supply systems are from 
underground origins, only about one-fourth of the nation’s population is served by these 
sources. In general, larger cities are dependent on surface supplies. Treatment of pol¬ 
luted waters is perhaps the greatest challenge in water supply engineering, and the im¬ 
portance of pollution control is realized most vividly when one ponders the problems of 
providing safe, palatable water from contaminated sources. 

Water quality in rivers depends on the character of the watersheds pollution caused 
by municipalities, industries, and agricultural practices; river development such as dams, 
the season of the year; and climatic conditions. During spring runoff and other periods 
of high flows, river water may be muddy and high in taste- and odor-producing com¬ 
pounds. During drought flows, pollutants are often present in higher concentrations and 
odorous conditions can occur. During late summer, algal blooms frequently create prob¬ 
lems. River temperature variations depend on latitude and the location of the stream 
headwaters. In northern states, river water is warm in the summer and cold in the winter. 
Water quality conditions vary from one stream to another and, in addition, each has its 
own peculiar characteristics. River water quality is usually deteriorating if the watershed 
is under development. 

Water supplies from rivers normally require the most extensive treatment facilities 
and the greatest operational flexibility of any source. A river water treatment plant must 
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be capable of handling day-to-day variations and the anticipated quality changes likely 
to occur within its useful life. 

The quality of water in a lake or reservoir depends on the physical, chemical, and 
biological characteristics (limnology) of the body. Size, depth, climate, watershed, de¬ 
gree of eutrophication, and other factors influence the nature of an impoundment. The 
relatively quiescent retention of river water produces marked changes in quality brought 
about by self-purification. Common benefits derived from impounding river water in¬ 
clude reduction of turbidity, coliform counts and usually color, and elimination of the 
day-to-day variations in quality. 

Lakes and reservoirs are subject to seasonal changes that are particularly noticeable 
in eutrophic waters. In summer and winter during stratification, the hypolimnion (un¬ 
mixed bottom water layer) in a eutrophic lake may contain dissolved iron and manga¬ 
nese and taste and odor compounds. The decrease of oxygen by bacterial activity on the 
bottom results in dissolution of iron and manganese and production of hydrogen sulfide 
and other metabolic intermediates. Algal blooms frequently occur in the epilimnion 
(warmer mixed surface water layer) of fertile lakes in early spring and late summer. 
Heavy growths of algae, particularly certain species of blue-greens, produce difficult- 
to-remove tastes and odors. Normally, the best quality of water is found near middepth, 
below the epilimnion and above the bottom. The intake for a fertile lake or reservoir 
should preferably be built so that water can be drawn from selected depths. Lakes that 
stratify experience spring and fall overturns, which occur when the temperature profile 
is nearly uniform and wind action stirs the lake from top to bottom. If the bottom water 
has become anaerobic during stratification, water drawn from all depths during the over¬ 
turn will contain taste- and odor-producing compounds. 

The lirrmology of a lake or reservoir and the present and future level of eutrophi¬ 
cation should be thoroughly understood before beginning the design of intake structures 
or treatment systems. 


9.7 Purpose of Water Treatment 

The purpose of a municipal water supply system is to provide potable water that is 
chemically and microbiolcgically safe for human consumption and has adequate quality 
tor industrial users. For domestic uses, water should be free from unpleasant tastes and 
odors, and improved for human health (i.e., by fluoridation). Since the quality of public 
supplies is based primarily on drinking water standards, the special temperature and 
other needs of some industries are not always met by public supplies. Boiler feedwater, 
water used in food processing, and process water in the manufacture of textiles and 
paper have special quality tolerances that may require additional treatment of the mu¬ 
nicipal water at the industrial site. 


9.8 Selection of Water Treatment Processes 

Watershed management should be considered part of the operation of a water supply 
system. Stream flows may be augmented by controlled releases from upstream storage, 
or water supply reservoirs can be used for natural purification of river waters. In reser- 
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voirs, algicides such as copper sulfate can be introduced to control algal blooms that 
interfere with coagulation and filtration processes and produce taste and odor problems. 

Current pretreatment processes in municipal water treatment are screening, presedi¬ 
mentation or desilting, chemical addition, and aeration. Screening is practiced in pre- 
treating surface waters. Presedimentation is regularly used to remove suspended matter 
from river water. Chemical treatment, in advance of in-plant coagulation, is most fre¬ 
quently applied to improve presedimenlation, to pretreat hard-to-remove substances 
such as taste and odor compounds and color, and to reduce high bacterial concentrations. 
Conventional chemicals used with presedimentation are polymers and alum. Aeration is 
customarily the first step in treatment for the removal of iron and manganese from well 
waters and is a standard way to separate dissolved gases such as hydrogen sulfide and 
carbon dioxide. 

Treatment processes used in water plants depend on the raw water source and qual¬ 
ity of finished water desired. The specific chemicals selected for treatment are based on 
their effectiveness to perform the desired reaction and cost. For example, activated car¬ 
bon, chlorine, chlorine dioxide, and potassium permanganate are all used for taste and 
odor control. Excess chlorination, although least expensive, can create undesired trihal- 
omethanes; activated carbon is the most effective chemical. In surface water treatment 
plants, equipment for feeding two or three taste- and odor-removal chemicals is usually 
provided, so the operator can select the most effective and economic chemical applica¬ 
tions. There is no fixed rule for color removal applicable to all waters. Alum coagulation 
with adequate pretreatment and applying oxidizing chemicals or activated carbon may 
provide satisfactory removal. On the other hand, a more expensive coagulant might 
prove to be more effective and reduce overall chemical costs (i.e., copperas or ferric 
salts can be substituted for alum in the coagulation process). 

Perhaps the most important consideration in designing water treatment processes is 
to provide flexibility. The operator should have the means to change the point of appli¬ 
cation of certain chemicals. For example, chlorine feedlines are normally provided for 
pre-, intermediate-, and postchlorination. Multiple chemical feeders and storage tanks 
should be supplied so that various chemicals can be employed in the treatment process. 
Degradation of the raw water quality, or changes in costs of chemicals, may dictate a 
change in the kind of coagulant or auxiliary chemicals used in coagulation. In the case 
of surface water treatment plants it is desirable to provide space for the construction of 
additional pretreatment facilities. The flow in rivers may change due to construction 
of dams, channel improvements, or upstream water use. The quality of water changes 
due to human alteration and occupation of the watershed. Concentrations of pollutants 
from disposal of municipal and industrial wastew'aters and agricultural land runoff may 
increase. Lakes can become more eutrophic. 

Iron and manganese removal is the primary purpose for treatment of groundwater 
by the scheme shown in Fig. 9.10. Prechlorination at the well site is to control growth 
of iron bacteria in pipes to the plant and in the tray aerator. After aeration to increase 
dissolved oxygen, chlorine is added as a catalyst for oxidation of dissolved iron and 
manganese. The metal oxides, which are not heavy enough to settle out of suspension, 
are removed by sand filtration. In order to maintain a chlorine residual in the pipeline to 
the municipality, ammonia is added to convert a portion of the free residual to combined 
chlorine residual. Fluosilicic acid is added for fluoridation. The finished water quality is 
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Figure 9.10 Iron and manganese removal plant using aeration 
and chlorine for oxidation. 


excellent all year round because of the stable character and nearly constant temperature 
of the well supply. 

The treatment scheme of groundwater shown in Fig. 9.11 is partial softening and 
iron and manganese removal. The flocculator-clarifiers, which provide chemical mix¬ 
ing, flocculation, and sedimentation in a compartmented tank, are operated in two 
stages. The first stage is for excess-lime softening of a portion of the raw water, and the 
second stage is for blending of the softened water containing excess lime with the by¬ 
passed flow. By this split treatment, the addition of carbon dioxide is unnecessary to 
neutralize the excess lime and stabilize the water. The softened water after sedimentation 
flows by gravity through dual-media coal-sand filters to remove suspended solids. Po¬ 
tassium permanganate can be added to oxidize reduced iron and mangan ese passing 
through the softening process; however, this is rarely needed. The treated water is chlo¬ 
rinated, stored in a large clear well, and rechlorinated as necessary to establish a free 
residual in the water pumped into the distribution system. An aerial view of this treat¬ 
ment plant is shown in Fig. 9.12, with the major treatment units labeled. 






Shallow wells 



Lime: for softening reaction 
Alum: for coagulation, if needed 


Mixing, flocculation, and sedimentation using 
excess lime for hardness, Fe and Mn removal 


Potassium permanganate to oxidize Fe and Mn. 
if needed 


Mixing, flocculation, and sedimentation to neutralize 
excess lime in softened water with raw water, and 
oxidation of remaining Fe and Mn 


Fluosilicic acid lor lluundation 


Remoxal of unsettled hardness precipitate and 
oxidized Fe and Mn floe 


Chlorine to establish a tree chlonne residual 
in distribution sxstem 


Figure 9.11 Plant using split treatment for partial softening and iron and 
manganese removal. 



Figure 9.12 Aerial view of a water treatment plant. The flow diagram for this water 
utility is given in Fig. 9.11. {Courtesy of Metropolitan Utilities District. Omaha. NE.) 


343 








344 CHAPTER 9 Systems for Treating Wastewater and Water 

The treatment plant with the flow diagram in Fig. 9.13 was originally constructed 
for processing lake water by alum coagulation, flocculation, sedimentation, and sand 
filtration. Since then the lake water source has become increasingly eutrophic, and ad¬ 
ditional facilities for taste and odor control have been provided. Activated carbon, chlo¬ 
rine dioxide, and various auxiliary chemicals for improved chemical treatment are now 
available to the operator during critical periods of poorer raw water quality. During most 
of the year the finished water is very palatable, but tastes and odors cannot be completely 
removed during spring and fall lake overturns. 

The river water processing scheme shown in Fig. 9.14 is a very complex, flexible 
treatment system for a turbid and polluted stream with highly variable quality. The plant 
has a complex of uncovered and covered mixing and settling basins with a variety of 
chemicals that can be added at several points during water processing. The general treat¬ 
ment scheme consists of plain sedimentation for desilting; mixing followed by sedi¬ 
mentation, using coagulants as necessary; split treatment for partial softening and 
coagulation in flocculator-clarifiers; blending of the split flows followed by sedimen- 


Lake 



Rgure 9.13 Chemical coagulation and partial-softening 
treatment plant with provisions for handling high turbidity 
tastes and odors, and color. 






River 



PoK mers lo aid in sedimentation 
of silt and other suspended matter 


Coagulants, applied as necessary 


Lime, applied regularly 

Activated carbon, applied 
as necessary 

.Alum and activated 
silica, applied regularly 


Chlorine, applied regularly 


As tivated carbon iionnallv applied 


Sodium sihcofluonde 


Chlonne, applied regularly 
Soda ash. nonnally applied 


Figure 9.14 Chemical coagulation treatment plant with special 
provisions for taste and odor control. 
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talion; dual-media filtration; and chemical additions for chlorine residual, pH adjust¬ 
ment, and control of scaling. Operation of this plant is varied from day to day and from 
season to season depending on the raw water quality. In general, the most troublesome 
time of the year is during spring runoff. Little is known about the degree to which 
refractory inorganic or organic substances can be transported through a complex treat¬ 
ment system. A river water treatment plant should have process depth to prevent any 
possibility of short-circuiting in pollution emergencies. 


9.9 Water-Processing Sludges 

Chemical residues from water treatment historically were discharged to surface water¬ 
courses without treatment. Water quality regulations now require processing of these 
wastes to minimize environmental degradation. The method of eliminating residues is 
unique to each water utility because of the individuality of each treatment scheme and 
differing characteristics of the waste slurries generated. The two primary wastes are 
sludge from the settling basins following chemical coagulation, or precipitation soften¬ 
ing. and wash water from backwashing the filters. These residues, containing matter 
removed from the raw water and chemicals added during processing, are relatively non- 
putrescible and high in mineral content. Figure 9.15 is a generalized scheme of alterna- 
ti\es tor disposing of water-processing wastes. Filter wash water is a very dilute waste 
discharged for only a tew minutes once or tw ice a day for each filter bed. Therefore, a 
holding lank is necessary for flow equalization (i.e., to accept the intermittent peak dis¬ 
charges and release a relatively uniform effluent flow). Backwash water is settled in a 


Water supply 



Treated water 


Thickened 
sludge 
(Fig 9 16) 


Figure 9.15 General flow scheme for withdrawal and gravity 
thickening of water-processing wastes. 
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Thickened 

sludge 

(Figure 9.15) 



Discharge to a municipal sewer 
Drying lagoons -► 

Drying beds-► 


Landfill 


Centrifugation-► 


Pressure filtration -► J 


Figure 9.16 Common methods for dewatering and 
disposal of water-processing sludges. 


clarifier-thickener with the overflow recycled to the plant influent; the underflow is 
withdrawn for further processing. Waste sludge from settling basins may also be con¬ 
centrated further in a clarifier-thickener. 

Disposal alternatives for gravity-thickened precipitates are diagrammed in Fig. 9.16. 
In some municipalities, slurries can be drained into a sanitary sewer for processing with 
the municipal wastewater. Air drying is accomplished either in lagoons or on sand¬ 
drying beds. Ponding is a popular method for dewatering, thickening, and temporary 
storage of waste solids. Where suitable land area is available, this technique is both 
inexpensive and efficient when compared to other methods. Drying beds are more costly 
and applicable only to small water plants. Centrifugation and pressure filtration are the 
two most successful mechanical dewatering processes. Residuals from air drying and 
concentrated cake from dewatering can be disposed of by codisposal in a municipal 
solid-waste landfill, burial in a dedicated landfill, or spread on agricultural land if bene¬ 
ficial for the soil. 




Physical Treatment 
Processes 


Prologue 

The purpose of this chapter is to: 

■ Describe the purposes and operation of physical processes 

■ Discuss the conditions under which different types of physical pro¬ 
cesses are appropriate 


Physical treatment methods are used in both water treatment and wastewater processing. 
Except for preliminary steps, most physical processes are associated directly with 
chemical and biological operations. In water treatment, granular-media filtration (a 
physical method) must be preceded by chemical coagulation. In wastewater processing, 
the physical procedures of mixing and sedimentation in activated sludge are related di¬ 
rectly to the biology of the system. 


FLOW-MEASURING DEVICES 

Measurement ol flow is essential tor operation, process control, and record keeping of 
water and wastewater treatment plants. 


10.1 Measurement of Water Flow 

The flow ot water through pipes under pressure can be measured by mechanical or dif¬ 
ferential head meters, such as a venturi meter, flow nozzle, or orifice meter. The drop in 
piezometric head between the undisturbed flow and the constriction in a differential 
head meter is a function of the flowrate. A venturi meter (Fig. 10.1), although more 
expensive than a nozzle or orifice meter, is preferred because of its lower head loss. 

Piping changes upstream from a venturi meter produce nonuniform flow, causing 
inaccuracies in metering. In general, a straight length of pipe equal to 10—20 pipe di¬ 
ameters is recommended to minimize error from flow disturbances created by pipe 
fittings. 
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Figure 10.1 Venturi meter for measuring flow in a pipeline by 
differential pressure between inlet and throat. 


Flow in a venturi meter can be calculated using the equation 


where 


Q = 


CA: 


28 




0 5 


Q = flow, cfs 

C = discharge coefficient, commonly in the range of O.W-O.^^S 
A 2 = cross-sectional area of throat, ft^ 
g = acceleration of gravity, ft/s^ 

P^ - P 2 = differential pressure, psf 

>v = specific weight of water, pcf 


( 10 . 1 ) 


10.2 Measurement of Wastewater Flow 

The flow of wastewater through an open channel can be measured by a weir or a ventun- 
type flume, such as the Parshall flume [1] (Fig. 10.2). Parshall flumes have the advan¬ 
tages of lower head loss than a weir and smooth hydraulic flow preventing deposition of 
solids. 

Under free-flowing (unsubmerged) conditions, the Parshall flume is a critical-depth 
meter that establishes a mathematical relationship between the stage h and discharge Q. 
For a flume with a throat width of at least 1 ft but less than 8 ft, flow' can be calculated as 

Q = (10.2) 

where 

Q = flow, cfs 
W = throat width, ft 
h = upper head, ft 

■ EXAMPLE 10.1 What is the calculated water flow' through a venturi meter with 
5‘/i6-in. throat diameter when the measured pressure differential is 160 in. H>0? .-Assume 
C = 0.95 and a water temperature of 50° F. 
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Figure 10.2 Parshall flume for measuring flow in an open channel by measuring 
the free-flowing upper head h. 


Solution: Substituting in Eq. (10.1), we obtain 

e = 0.95x2™ (64.4 

4 V 12 X 62.4 J 

= 3.9 cfs = 1750 gpm ■ 

■ EXAMPLE 10.2 What is the calculated wastewater flow through a Parshall flume 
with a throat width of 2.0 ft at the maximum free-flow head of 2.5 ft? 

Solution: By Eq. (10.2), 

Q = 4 X 2.0 X 2.5‘522X2 0“«20 

= 33.4 cfs = 21.6 mgd ■ 


SCREENING DEVICES 

River water and wastewater in sewers frequently contain suspended and floating debris 
varying in size from logs to small rags. These solids can clog and damage pumps or 
impede the hydraulic flow in open channels and pipes. Screening is the first step in 
treating water containing large solids. 
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10.3 Water-Intake Screens 

River-water intakes are commonly located in a protected area along the shore to mini- 
mize collection of floating debris. Lake water is withdrawn below the surface to pre¬ 
clude interference from floating materials. 

Coarse screens of vertical steel bars having openings of 1-3 in. are employed to 
exclude large materials. The clear openings should have sufficient total area so that the 
velocity through them is less than 3 fps to prevent pulling through stringy solids. These 
screens are available with mechanical rakes to clear accumulated material from the bars. 
A coarse screen can be installed ahead of a finer one used to remove leaves, twigs, small 
fish, and so on. The traveling screen shown in Fig. 10.3 serves this purpose. Trays with 
sections constructed of wire mesh or slotted metal plates generally have H-in. openings. 
As water passes through the upstream side of the screen, the solids are retained and 



Figure 10.3 Traveling water-intake 
screen, (Courtesy of U.S. Filter/ 
Envirex.) 
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elevated by the trays. As the trays rise into the head enclosure, the solids are removed 
by means of water sprays. The operation of a traveling screen is intermittent, being 
controlled by the water head differential across it resulting from clogging. 


10.4 Screens in Wastewater Treatment 

Coarse screens (bar racks) constmcted of steel bars with clear openings not exceeding 
2.5 in. are normally used to protect wastewater lift pumps. (Centrifugal pumps used for 
wastewater works, in sizes larger than 100 gpm, are capable of passing spheres at least 
3 in. in diameter.) To facilitate cleaning, the bars are usually set in a channel inclined 
22°-45° to the horizontal. 

Mechanically cleaned medium screens (Fig. 10.4) with clear bar openings of Vs- 
1V4 in. are commonly used instead of a manually cleaned coarse screen. The maximum 
velocity through the openings should not exceed 2.5 fps. 

Collected screenings are generally hauled away for disposal by land burial or incin¬ 
eration, although they can be shredded in a comminutor and returned to the wastewater 
flow' for removal in a treatment plant. 



Figure 10.4 Mechanically cleaned bar screen for wastewater 
treatment. (Courtesy of U.S. Filter/Envirex.) 
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Fine screens with openings as small as 'A 2 in. have been used in wastewater treat¬ 
ment, but because of their high installation and operation cost, they are rarely employed 
in handling municipal wastewater. Fine screens are used to take out suspended and 
settleable solids in pretreating certain industrial waste streams. Typical applications are 
the removal of coarse solids from cannery and packing-house wastewaters. 

10.5 Shredding Devices 

A comminutor or grinder cuts solids that pass through a bar screen to about 14-^8 in. in 
size. Comminutors are installed directly in the wastewater flow channel and provided 
with a bypass so that the channel containing the unit can be isolated and drained for 
machine maintenance. In small waste treatment plants, a comminutor may be installed 
without being preceded by a medium screen. The bypass channel around a comminutor 
contains a hand-cleaned medium screen. 

HYDRAULIC CHARACTERISTICS OF REACTORS 

Chemical and biological reactions are performed in tanks often referred to as reactors in 
process engineering. The common mixed reactor in water treatment is for chemical floc¬ 
culation, whereas in wastewater treatment it is for biological activated sludge. Sedimen¬ 
tation basins for both water and wastewater treatment are used for the physical process 
of solid-liquid separation. The following sections discuss the hydraulic characteristics 
of complete mixing, plug flow, and plug flow with longitudinal dispersion. 


10.6 Residence Time Distribution 


The hydraulic character of a process reactor is defined by the residence time distribution 
of individual particles of the liquid flowing through the tank. Since routes through the 
reactor differ in travel times, the effluent age distribution ot a nonideal reactor extends 
from less than to greater than the theoretical detention time, which is defined as 


where 





= theoretical mean residence time 
V = volume of the reactor 
Q = rate of flow’ through the reactor 


(10.31 


Evaluation of an actual process tank is performed by introducing a tracer to the 
influent during steady-state flow and measuring the concentration in the output over an 
extended period of time. The general shapes ot residence time distributions for a dis¬ 
persed plug-flow reactor are illustrated in Fig. 10.5. If the tracer input is suddenly initi¬ 
ated and then held at a constant application rate, the tracer output curve of concentration 
in the effluent slow'ly rises and approaches the influent tracer concentration C„ at a time 
interval greater than the mean residence time tft- Applying a pulse input ot d\e solution 
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Tracer Tracer 

input output 



to tR = K/Q 


Time 

(a) 



Time 

(b) 


Figure 10.5 Output tracer distribution 
curves for flow through a nonideal 
reactor in response to: (a) A continuous 
tracer input, (b) A pulse tracer input. 

results in an effluent tracer concentration curve as shown in Fig. 10.5(b). The centroid 
of the curve is located to the left of time Ir as a result of flow dispersion with backmixing 
and short-circuiting of liquid in the tank because of stagnant pockets. 

10.7 ideal Reactors 

Common ideal reactors are the plug flow reactor, completely mixed reactors, and com¬ 
pletely mixed vessels in series. The residence time distributions of these units can be 
expressed in mathematical equations. Although real process tanks never precisely fol¬ 
low these flow patterns, many designs approximate ideal conditions with negligible er¬ 
ror. Laboratory analyses of biological and chemical processes are often conducted using 
small tanks that are considered ideal reactors. 

Plug-Flow Reactor 

The ideal plug-flow reactor is a tube with the particles of liquid entering and discharging 
in the same sequence. The residence time of each particle is equal to the mean residence 
time tR, as illustrated in Fig. 10.6. If a tracer with concentration Co is applied to the 
input, at time tR the output contains the tracer at the same concentration. A pulse input 
is.observed as a pulse in the output after time Ir,. Actual treatment units that approach 
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-Time of flow ■ 
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^0 tR = VIQ 

Time 
(b) 

Figure 10.6 Output residence time 
distributions for an ideal plug-flow 
reactor in response to: (a) A continuous 
input, (b) A pulse input. 
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(b) 

Figure 10.7 Output residence 
time distributions for an ideal 
completely mixed reactor in 
response to: (a) A continuous input, 
(b) A pulse input. 


plug flow are long rectangular tanks used as chlorine contact chambers and in the con¬ 
ventional activated-sludge process. 


Completely Mixed Reactor 

The contents of a completely mixed reactor are uniformly and continuously redistrib¬ 
uted. Particles entering are dispersed immediately throughout the tank and leave in pro¬ 
portion to their concentration in the mixing liquid. Figure 10.7(a} is the residence time 
distribution for a step tracer input. The rate of accumulation of tracer in the reactor, after 
start of the continuous feed, is equal to the input minus output, which is expressed in 
the following mass balance equation: 

V^^QCo-QC 110.4) 

dt 


Rearranging and integrating between the limits of 0 and C and 0 and t gh es 


dc 

'« Co - c 


Q 

V 


/: 


dt 


(10.5) 


which, when solved, yields 


C = Co(l - 


(10.6) 
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Figure 10.7(b) is the residence time distribution for a pulse input of tracer in an 
amount such that the initial concentration after immediate mixing throughout the tank 
is Cq. The formula for calculating the concentration of tracer in the effluent with passage 
of time under steady-state flow is 

C = (10.7) 

Treatment processes that closely simulate this ideal reactor are chemical mixing 
tanks and completely mixed activated-sludge basins. Studies of wastewater treatability 
and the evaluation of biological kinetics are commonly performed in laboratory contain¬ 
ers that are completely mixed reactors. 

Completely Mixed Reactors in Series 

The residence time distributions for flow through a series of equal-sized ideal com¬ 
pletely mixed reactors are plotted in Fig. 10.8. These output curves for tanks in series 
are the response to a pulse tracer input to the first tank at time to- Particles entering each 
reactor are dispersed immediately and leave in proportion to their concentration in the 



Fi^re 10.8 Output residence time distributions for ideal completely 
mixed reactors in series in response to a pulse tracer input. 
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mixing liquid. For the last tank in a series of n, the residence time distribution can be 
calculated using the generalized equation 

C„ = Co - e - ’’’x (10.81 

(n - 1)! 

where 

C„ = effluent tracer concentration from reactor n 
Co = influent tracer concentration in the first reactor 
n = number of reactors in series 
t = time elapsed since tracer input to the first reactor 
= theoretical mean residence time of n reactors 

Substituting/! = 1 in this equation yieldsEq. (10.7). 

The model of ideal reactors in series is representative in water treatment of long 
rectangular flocculation tanks separated into a series of compartments by baffles. In 
wastewater processing, compartmenied aeration tanks for high-purity'Oxygen activated 
sludge are commonly three or more reactors in series. Several completely mixed reactors 
in series are frequently used in laboratory studies to simulate dispersed plug flow 
through a rectangular aeration basin. Observe the similarity in the shapes of the curves 
in Fig. 10.5(b) and the distribution diagrams for an n of 4 or 5 in Fig. 10.8. 


10.8 Dispersed Plug Flow 

Longitudinal flow passing through a tank has variations in flow velocities that result m 
axial intermixing and backmixing. The turbulence of this nonideal flow is in the range 
' between ideal plug flow and ideal mixed flow. Dispersed plug flow, however, does not 
account for stagnant pockets and short-circuiting of the liquid in the tank. 

The dispersion number for a particular reactor is defined as 

d = — (10.91 

iiL 

v^here 

d = reactor dispersion number, dimensionless 
D = longitudinal dispersion coefficient, ft7min 
u ~ mean velocity of flow. fpm 
L - length of the reactor, ft 

Figure 10.9 illustrates tracer response curves to a pulse input for dispersed plug flow. 
The dispersion number for negligible mixing approaches zero, and hence plug flow 
With greater intermixing, the dispersion number increases w ith a completely mixed re¬ 
actor, represented by a value of infinity. 

The spread of a tracer response cur\'e. since it represents a continuous distribution, 
may be measured by calculating the variance (T- of the distribution about its mean. For 
large extents of dispersion, which are common in tracer studies oi actual processing 
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Dimensionless time, tjt 

Figure 10.9 Normalized residence time distributions in response 
to a pulse tracer input and corresponding dispersion numbers for 
various degrees of longitudinal dispersion resulting from intermixing 
and backmixing of the flow through the tank. 

tanks, the residence time curves are often skewed. This is evidenced by an elongated 
curve where the concentration of tracer gradually approaches zero. For this case, the 
relationship between variance and the dispersion number is given by [2] 

, o-' I d\~ 

o ‘5 = — = 2---2 — ( 1 - ( 10 . 10 ) 

»' uL \uLJ 

where 

crj = normalized variance, dimensionless 
cr’ = variance, min^ 

t — mean residence time (time to the centroid of the distribution), min 

The variance and dispersion number for an actual reactor are calculated from the 
effluent concentration-time data from a pulse tracer input. After dye is injected at the 
inlet of the tank, output samples are collected at time intervals from Vi min to several 
minutes, with the greatest frequency during discharge of the dye peak. The shape of the 
residence time distribution is determined by graphing the concentration versus time. If 
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desired, a normalized curve can be plotted by dividing the concentration values by the 
average of the measurements and corresponding times by the mean time. Variance of a 
curve is calculated from a finite number of measurements / at equal time intervals using 
the equation 

1 t^C 

0 -- = Yp “ 

where 

_ 2t,C, 

^ SC, 

From the second term of this equation, the time to the centroid of the distribution f is 
equal to the sum of time-concentration values divided by the sum of the concentrations. 
After calculation of the variance a-, the dispersion number DluL can be computed using 
Eq. (10.10). Another parameter used to define a residence time distribution is the ratio 
of time for passage of 90% of the tracer to the time for passage of 10% [3]. 

■ EXAMPLE 10.3 A completely mixed tank for blending chemicals into water is tested 
for effectiveness of hydraulic dispersion [4J. A pulse of tracer, equivalent to a concentra¬ 
tion of 10 juLg/] Co in the tank volume, was injected in the influent, followed by analyses 
of effluent samples for tracer concentrations for a period of three detention times. The 
experimental data are listed in the first two columns of Table 10.1. The theoretical de¬ 
tention time fj, of the tank is 60 s. Plot a residence time distribution for the test measure¬ 
ments and compare it to the theoretical curve. 

Solution: The normalized time ///« and tracer concentrations C/Co are calculated by 
dividing the experimental r and C values by 60 s and 10 ngfl, respectively. The 


Table 10.1 Experimental Data and Calculated Values for the Output Residence 
Time Distribution for the Completely Mixed Reactor in Example 10.3 


_ EXPERIMENTAL VALUES _ 

MEA.SURED 

~ ~ C.ALCUL.\TED 

(s)_ i/JLg/l) _i/r«_ C/C,. 


THEORETICAL 
VALUES. FROM 
EQ (107) 

t/l, C/C,. 



4 5 

0 17 

0.45 

0 17 

0 85 


76 

0.33 

0 76 

0.33 

0.72 

■■ 

6.5 

0.67 

0.65 

0.67 

0 51 

60 

5.6 

1.00 

0.56 

1.00 

0 37 

80 

3.0 

1.33 

0.30 

1.33 

0 26 

100 

2.1 

1.67 

0.21 

1.67 

0 19 

120 

1.8 

2.00 

0.18 

2.00 

0 14 

140 

1.2 

2.33 

0.12 

2.33 

0 U) 

160 

0.7 

2.67 

0.07 

2.67 

0.07 

180 

0.4 

3.00 

0.04 

3.(K) 
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Figure 10,10 Plot of residence time 
distribution curves from data in Table 10.1 
for Example 10.3 


theoretical values are computed using Eq. (10.7). Plots of both the measured and 
theoretical curves are shown in Fig. 10.10. ■ 

■ EXAMPLE 10.4 Dispersed plug flow through a long narrow chlorination tank was 
analyzed by injecting a pulse input of a dye tracer in the influent. The tracer response 
curve is drawn in Fig. 10.11, and the measured t and C values are listed in the first two 
columns of Table 10.2. The theoretical detention time at the test flow rate was 50 min. 
Calculate the dispersion number and the time ratios of and t^Jr k,. 



Figure 10.11 Tracer response curve from 
injecting a pulse input of dye into the 
influent of a long narrow chlorination tank. 
[Adapted from D. M. Marske and J. D. 
Boyle, “Chlorine Contact Chamber Design— 
A Field Evaluation," Water and Sewage 
Works 120(1) (1973): 70.] 
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Table 10.2 Experimental Data and Calculated Values for 
Hydraulic Analysis of the Long Narrow Chlorination Tank in 
Example 10.4 


MEASURED VALUES 



t 

C 

CALCULATED VALUES 

(min) 

(/ig/1) 

tC 

fC 

25 

0 

0 

0 

30 

4.0 

120 

3,600 

35 

9.7 

340 

11,900 

40 

5.8 

232 

9,300 

45 

3.6 

162 

7,300 

50 

2.3 

115 

5,800 

55 

1.9 

105 

5,700 

60 

1.4 

84 

5,000 

65 

1.1 

72 

4,600 

70 

0.8 

56 

3.900 

75 

0.6 

45 

3,400 

80 

0.4 

32 

2,600 

85 

0.3 

26 

2,200 

90 

0.2 

18 

1,700 

95 

0.2 

19 

1,800 

100 

0.1 

10 

1,000 

Total 

32.4 

1440 

69,800 


Solution: Calculated values for 2 tC and 2 fC are given in Table 10.2. Using 
Eq. (10.11), 


_ 2r,C 1440 . 

t = — = -—7 = 44.4 mm 
2 C, 32.4 


a- = 


69.800 / 1440y 

32.4 \32.4/ 


= 179 


The normalized variance from Eq. (10.10) is 


0-1 = 


179 

(44.4)- 


= 0.091 


and the reactor dispersion number DluL, from a trial and solution of Eq. (10.10), 
equals 0.048. 

From the values given in Fig. 10.11 and tg = 50 min. 


tso/tg = 39/50 = 0.78 


and 


= 65/31 =2.1 
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MIXING AND FLOCCULATION 

Chemical reactors in water treatment and biological aeration basins are mixed to pro¬ 
duce the desired reactions and to keep the solids produced by the process in suspension. 
Rapid-mixing tanks are used to blend chemicals into the water. The gentle mixing in 
flocculation basins is to promote agglomeration of particles into large floe that can be 
removed from suspension by subsequent sedimentation. 


10.9 Rapid Mixing 

A rapid mixer provides dispersion of chemicals into water so that blending occurs in 
10-30 s. Most common is mechanical mixing using a vertical-shaft impeller in a tank 
with stator baffles, as illustrated in Fig. 10.12. The stators reduce vortexing about the 
impeller shaft. They are located to disrupt rotational flow by deflecting the water inward 
toward the impeller shaft. Vortexing hinders mixing and reduces the effective impeller 
power usage. The turbulent flow pattern m mixing is a function of the tank size and 
shape; number, shape, and size of impellers; kind and location of stator baffles; and 
power input. Recommended guidelines for designing a mechanical rapid mixer are the 
following: a square vessel is superior in performance to a cylindrical vessel; stator 
baffles are advantageous; a flat-bladed impeller performs better than a fan or propeller 
impeller; and chemicals introduced at the agitator blade level enhance coagulation [5]. 

Other methods of rapid mixing include hydraulic action, e.g., injection of chemical 
into the inlet of a centrifugal pump, jet injection into the water flow in a pipe, and 
mechanical or static in-line blending. The static mixing elements, shown in Fig. 10.13, 



Figure 10.12 Impeller- 
type mechanical rapid 
mixer for dispersion of 
chemicals into water. 



Figure 10.13 Static mixing elements that are inserted into a 
pipe for in-line blending of chemicals. (Courtesy of Koch 
Engineering Company, Inc.) 
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are inserted into a pipe immediately after the point of chemical injection for blending. 
The kind of mixer configuration selected depends on whether the blending is for disper¬ 
sion, reaction, or gas-water contact. 


10.10 Flocculation 

Flocculation is agitation of chemically treated water to induce coagulation. In this man¬ 
ner, very small suspended particles collide and agglomerate into larger heavier floe that 
settles out by gravity. Flocculation is a principal mechanism in removing turbidity from 
water. Floe growth depends primarily on two factors: intermolecular chemical forces 
and the physical action induced by agitation. 

The common mechanical mixing devices in water treatment are paddle (reel) floc- 
culators [Fig. 10.14(a)], flat-blade turbines [Fig. 10.14(b)]. and vertical-turbine mixers. 
The paddle flocculator consists of a shaft with protruding steel arms that support wooden 
or steel blades. The paddle shafts can be located transverse to or parallel to the flow, 
although transverse installation is more common [Fig. 10.14(c)]. The paddle units 
slowly rotate, usually at 1-10 rpm, causing collision among the floe particles that are 
held in suspension by the gentle agitation. The result is growth of the suspended par¬ 
ticles from colloids to settleable floe. 

The energy dissipated by the flocculator as shearing forces in the water has been 
observed to be the controlling factor in floe growth. This energy dissipation is related to 
the velocity gradient, which represents the changes in velocity from point to point in the 




Paddle flocculator*. 



Figure 10.14 The common mixing devices for flocculation in water 
treatment are: (a) The paddle flocculator. (b) The flat-blade turbine, (c) A 
typical flocculation tank arrangement is horizontal shaft paddles in a 
series of compartments separated by baffles to direct water flow through 
the paddle flocculators. 
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water being mixed. The relationship between velocity gradient and energy dissipated is 
defined as [6] 


G = 


P 

fjiV 


( 10 . 12 ) 


where 


G = velocity gradient, fps/ft or s"' (s"’) 

P = power input, ft-lb/s (N‘m/s) 

fi = absolute viscosity, Ib-s/ft^ (N*s/m^ or kg/m-s) 

V = volume, (m’) 

Optimum values exist for flocculation time and velocity gradient. Below a mini¬ 
mum time, no flocculation occurs, and increasing the time beyond maximum floe for¬ 
mation does not significantly improve flocculation. Based on experience, flocculation 
tanks with a minimum of three compartments in series reduce the time required for 
flocculation. In general, the minimum and maximum values of G to promote satisfactory 
growth of floe are 10 and 75 fps/ft (s"*), respectively, with an optimum range in water 
treatment with paddle flocculators of 30-60 fps/ft [7]. 

The power dissipated in water by a paddle flocculator can be calculated as 


^ ^ C,Apv^ 


(10.13) 


where 


P = power dissipated, ft-lb/s (N’m/s) 

Cj = coefficient of drag 
= 1.8 for flat plates 
A = area of paddles, ft- (m^) 
p - density of water, Ib-sVft** (kg/m^) 

V = velocity of paddles relative to the water, ft/s (m/s) 
= normally 0.50-0.75 of the velocity of paddle 


For a paddle flocculator, 

Vp = 2iTrN (10.14) 

where 

Vp = velocity of paddle blade, ft/s (m/s) 
r = distance from shaft to center of paddle, ft (m) 

N = rotational speed, rev/s (rev/s) 

Then for a flocculation tank with n symmetrical paddle arms with blades at radii r i and 
ri rotating at N rev/s, the power dissipated is 


P = ^ C,Api\ - ky{2irN)\r\ + r\) (10.15) 

where 

k — ratio of water velocity to paddle velocity 
= 0.25-0.50 for well-baffled tanks with paddle flocculators, 
with 0.30 being a common value 
A — area of each paddle arm across tank 
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The Recommended Standards for Water Works, Great Lakes Upper Mississippi 
River Board of State Public Health &. Environmental Managers [8] recommends that 
rapid mixing for dispersion of chemicals in water be performed with mechanical mixing 
devices. The mixing detention period should not be more than 30 s, and the rapid-mix 
and flocculation basins shall be as close together as possible. 

With regard to flocculation, the following recommendations are presented in the 
Standards: 

1. Inlet and outlet design shall prevent short-circuiting and destruction of floe. 

2. The flow-through velocity shall be not less than 0.5 ft/min nor greater than 
1.5 ft/min with a detention time for floe formation of at least 30 min. 

3. Agitators shall be driven by variable-speed drives with the peripheral speed of 
paddles ranging from 0.5 ft/s to 3.0 ft/s. 

4. Flocculation and sedimentation basins shall be as close together as possible. The 
velocity of flocculated water through pipes or conduits to settling basins shall be 
not less than 0.5 ft/s nor greater than 1.5 ft/s. Allowances must be made to mini¬ 
mize turbulence at bends and changes in direction. 

■ EXAMPLE 1 0.5 A 25-mgd water treatment plant has a flocculation tank 64 ft long 
and 100 ft wide with a water depth of 16 ft. The four horizontal shafts of paddle floc- 
culators are in compartments separated by baffles. All the paddle umts have four arms 
with three blades, each with radii of 3.0,4.5, and 6.0 ft measuring from the shaft to the 
center of the 0.80-ft-wide boards. The total length of the paddle boards across the tank 
is 50 ft. Assume a ratio of water velocity to paddle velocity of 0.3, rotational speed of 
0.050 rev/s, Cj equal to 1.8, and water temperature of 50° F. Calculate the velocity 
gradient. 

Solution: From a table in the appendix for water at 50° F, p = 1.936 Ib's/ft'*, and p. = 
2.735 X 10-5 ib*s/ft^ The number of paddle arms = 16. 

P = — 1.8(0.80 X 50)1.936(1 - 0.3T(2 X X 0.050)’[(3.0P + (4.5)’ + (6.0)-’] 

2 

= 3960 ft-lb/s 

_3960_ 

2.735 X 10-5 X 16 X 64 X 100 



= 38 fps/ft 


SEDIMENTATION 

Sedimentation (clarification) is the removal of solid particles from suspension by 
gravity. In water treatment, the common application of sedimentation is after chemical 
treatment to remove flocculated impurities and precipitates. In wastewater processing, 
sedimentation is used to reduce suspended solids in the influent wastewater and to re¬ 
move settleable solids after biological treatment. 

Design of clarifiers is based on empirical data from the performance of full-scale 
sedimentation tanks. Mathematical relationships to predict settling of suspensions in 
actual treatment processes have not been successful in design, and the application of 
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data from laboratory settling column tests has met with only limited success. For these 
reasons, design criteria are derived from operation of clarifiers settling similar kinds of 
waters and wastewaters [9]. 


10.11 Fundamentals of Sedimentation 

Settling of nonflocculent particles in dilute suspension, as defined by classical settling 
theory of discrete particles, has no direct application in water and wastewater sedimen¬ 
tation. It is, however, the basis for the hypothetical relationship between settling velocity 
and overflow rate. Figure 10.15 illustrates an ideal rectangular clarifier with an inlet zone 
for transition of influent flow to uniform horizontal flow, a sedimentation zone where 
the particles settle out of suspension by gravity, an outlet zone for transition of uniform 
flow in the sedimentation zone to rising flow for discharge, and a sludge zone where the 
settled particles collect. All influent discrete particles with a settling velocity greater 
than Vo settle to the sludge zone and are removed. Particles with settling velocities of V, 
less than Vo are removed only if they enter the basin within a vertical distance H, = V, to. 
where t^ is the flowing through or detention time. The velocity Vo is defined as the 
overflow rate (gpd/ft^), or as the surface settling rate (ft/s), and is calculated as 

Vo = f (10.16) 

A 

where 

Vo = overflow rate, gpd/ft^ (m^/m^-d) 

Q = average daily flow, gpd (mVd) 

A == surface area of the clarifier, ft^ (m^) 

Overflow rate is an important design criterion in the sizing of sedimentation tanks. 

Settling of flocculeni particles results in coalescence during sedimentation, with the 
particles growing into larger floe as they descend. Flocculation is caused by differences 
in settling velocities of particles, resulting in heavy particles overtaking and coalescing 
with slower ones and velocity gradients within the water producing collisions among 
partic les. The beneficial results are smaller particles growing into faster-settling floe and 
flocculation sweeping smaller and slower particles from suspension. Flocculent settling 
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is common in clarifying both chemical and biological suspensions. Section 10.13 de¬ 
scribes the laboratory column test for flocculent suspensions. 

Zone settling is when flocculent particles in high concentration settle as a mass with 
a well-defined, clear interface between the surface of the settling particles and the clari¬ 
fied water above. Because of crowding of the particles, upward velocity of the displaced 
water acts to reduce settling velocity. This hindered settling reduces the differences in 
settling velocities of different-sized particles and increases the sweeping action of floc¬ 
culation. Deceleration of settling occurs as hindered settling changes to compression 
This results when subsiding particles accumulate at the bottom of the tank. Compaction 
slowly continues from the weight of supported particles above. Hindered settling is usu¬ 
ally negligible in water treatment sedimentation and in clarifying of raw wastewaters, 
because the particles in suspension are dispersed in low concentration. Zone settling 
does take place in clarifying biological activated sludge in wastewater treatment. Gravity 
thickening in both water and wastewater sludges exhibits zone settling with hindered 
settling in the upper layer and compression in the bottom layer. Section 10.14 discusses 
zone settling. 

10.12 Types of Clarifiers 

Figure 10.16 illustrates several type.s of clarifiers, showing the direction of flow through 
the tanks. In a long rectangular clarifier, the influent is spread across the end of the tank 
by a baffle structure that dissipates energy to reduce the velocity of the entering water 
and uniformly distributes the flow. The effluent overflows V-notch weirs mounted along 
the edges of discharge channels, which convey the water out of the tank. To reduce 
vertical velocities as the water rises up to the discharge channels, the total effluent weir 
length is several times greater than the width of the tank. Rectangular clarifiers in water 
treatment often have long “finger” channels extending into the tank [Fig. 10.16(a)]. In 
contrast, sedimentation tanks in wastewater treatment require scum collectors; therefore, 
the effluent channels are placed across the width of the tank close to the discharge end 
(Fig. 10.16(b)J. Sludge is removed by flat scrapers attached to continuous chains that 
are .supported and driven by sprocket w heels mounted on the inside w'alls of the tank. 
Rather than submerged chain-and-sprocket nicchanism.s. in warm climates without 
snow or ice the scrapers can be hung in the water from an overhead bridge that spans 
the width of the tank. The wheels of the bridge roll on steel rails mounted on the side 
walls of the clarifier. 

In a circular clarifier, the influent enters through a vertical riser pipe with outlet 
ports discharging behind a circular inlet well. This baffle dissipates energy and directs 
the flow downward and radially out from the center 1 Fig 10.16( c i]. The effluent channel 
may be attached to the outside wall with only a single peripheral weir, or the channel 
may be located inboard, supported from the outside wall with brackets .so that water can 
overflow weirs located on both sides of the channel. Sludge is scraped toward a central 
hopper by blade.s attached to arms that rotate around the center of the tank. The drive is 
a sealed turntable, with gear and pinion running in oil, >>uppi,irted by a bridge or pier 
Circular clarifiers are used in both water and wastewater treatment. In wastewater sedi¬ 
mentation, a circular shallow scum baffle is placed in fiont of the vv eir channel to prevent 
the overflow of fioating solids, and a rotating skimmer pushes the scum into a hopper 
that discharges to a scum tank outside of the clantier. 
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Effluent channels 


Effluent channels 




(c) (d) 

Figure 10.16 Diagrams of various clarifier shapes shown with flow patterns. 

(a) Rectangular clarifier with horizontal flow to effluent “finger’ channels 
extending into the tank from the outlet end. (b) Rectangular clarifier with a scum 
collector and effluent channels located at the outlet end. (c) Circular clarifier with 
central feed well and radial flow to a peripheral effluent channel, (d) Circular 
flocculator-clarifier with water flowing up to radial effluent channels in the 
settling zone surrounding the submerged hood of the flocculation zone. 


Fig. 10.16(d) diagrams the plan view of a flocculator-clarifier that is illustrated in 
Fig. 10.23. The flocculation zone is under a central cone-shaped hood that extends to 
near the bottom of the tank. As the water flows out from under the hood, it rises verti¬ 
cally to radial effluent channels. This kind of settling tank, common in water softening, 
is also referred to as an upflow clarifier. 

Several parameters are used in sizing clarifiers. The most common is overflow rate, 
which is the average flow divided by the total surface area of the tank [Eq. (10.16)]. Of 
equal significance is the side-water depth, which is the depth of water in the tank ex¬ 
cluding the sludge zone. Detention time, which is the volume divided by the average 
flow [Eq. (10.3)], although less important as a design parameter, is often specified to 
ensure greater water depth at the overflow rate. Solids loading rates, expressed as the 
maximum allowable weight of solids per unit area of tank bottom per day, apply only to 
gravity sludge thickening and final clarifiers of wastewater aeration systems carrying a 
high concentration of activated sludge. 
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Conservative overflow rate and sufficient depth are important to compensate for 
hydraulic instability caused by temperature gradients, inlet energy dissipation, outlet 
currents, equipment movement, and wind effects. Warm influent to a sedimentation tank 
containing cooler water can lead to short-circuiting, with the warm water rising to the 
surface and reaching the effluent channels in a fraction of the theoretical detention time. 
Similarly, cold water flowing into a tank containing warm water can sink, flow along the 
bottom, and short-circuit up to the effluent channels. When the inflow' and water in the 
tank are the same temperature, a density current is often caused by the higher turbidity 
of the influent. Particles entering, being heavier than the clarified water, descend and 
move under the water surface toward the discharge end. 

Inlet energy dissipation is important to slow dow'n and distribute the water at the 
tank entrance. This is particularly critical if the water enters the inlet zone from a pipe 
conveying the flocculated water at the higher velocity necessary to keep the solids in 
suspension in the pipeline. Outlet currents are reduced by proper design of the effluent 
weirs and channels. In preference to flow plates, V-notch weirs provide better lateral 
distribution of overflow when leveling is not perfect. Channels require sufficient length 
and adequate spacing to reduce the approach velocity of overflow. Movement of sludge 
collection mechanisms through the sludge is slow to prevent resuspension of solids. 
Finally, wind can have a significant effect on large open sedimentation tanks by creating 
a surface current that moves the upper layer of water downwind. 


10.13 Settling of Floccuient Particles 

Sedimentation of a floccuient suspension results from the combined effects of gravity 
settling and flocculation. Heavier solids having greater settling velocities overtake and 
coalesce with smaller lighter solids to form still larger floe with increasing rates of 
settling. The opportunity for contact among settling solids increases with depth. As a 
result, removal of suspended solids depends on water depth as well as overflow' rate and 
detention time. 

Settling column tests can be used to evaluate the settling characteristics of floc¬ 
cuient suspensions. The standard procedure for a settling column test is to place a 
uniformly mixed suspension in a column, which has sampling ports at various depih.s, 
to cease mi.xing at the start of the test, and to allow' sedimentation under quiescent 
conditions. Samples from the ports are withdrawn at selected time intervals to deter¬ 
mine the concentrations of suspended solids at different depths. The data are used to 
calculate the percentages of solids removed, and the values are plotted as shown in 
Fig. 10.17, with each percentage recorded at the proper coordinates of depth and time. 
Lines representing percentages of removal are drawn through the plotted values. They 
trace the ma.ximum trajectories of settling paths for specific concentrations in a floccu¬ 
ient suspension. For example, in Fig. 10.17,45^1 of the particles m the suspension have 
average velocities greater than 4 ft/21 mm = 0.19 fpin by the time the 4-ft depth has 
been reached. Computation of removal efficiency is illustrated in Example 10.6 using 
Eq. (10.17). 

Quiescent laboratory settling tests, w'ith the height of the column equal to or greater 
than the prototype clarifier, have been useful in assessing the settleability of unusual 
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Figure 10,17 Settling trajectories for a flocculent suspension. [Note: Numbers 
plotted represent fraction removed based on settling column analysis. 
Percentage removal curves are interpolated using these data.) 


flocculent suspensions. Despite this, the application of the experimental data in design 
must take into account short-circuiting, inlet and outlet turbulence, and density currents. 
The settleability of particles may be significantly different as a result of the hydraulic 
characteristics of an actual basin where the water or wastewater is flowing through the 
tank, compared to quiescent column settling. 


■ EXAMPLE 10.6 Using settling trajectories determined by the settling column anal¬ 
ysis shown in Fig. 10.17, find the overall removal for a settling basin 7 ft deep with an 
overflow rate w„of fpm. 

Solution: From Fig. 10.17, 45% of the particles will have settling velocities greater 
than V 24 fpm. 

Using 15% increments, an additional 60 - 45 = 15% of the particles have an 
average settling velocity v > 3.4/24 fpm and a second 75 - 60 = 15% have an aver¬ 
age settling velocity ^1.3/24 fpm. In this case, the next increment has a negligible 
velocity and can therefore be neglected. [Note: These values are determined as shown 
in Fig. 10.17.) 

The removal ratio of each percentage of particles is u/uo, as stated previously. The 
overall removal in percent is therefore 

/? = 45 + — C, + ~ C. + • • • -i- — C„ 

Vo Vo Vo 


(10.17) 
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where in the example Cj = Cz = Cj = 15%. Also, since i/, = c,//,, and i/„ - 
vJvq = z,/zo,. .. , where z,, Zz* • • •» are measured down from the top of the tank and 
Zq = 1 ft. Thus 


3.4 1 3 

/? = 45 + — X (60 - 45) + Y (75 - 60) + • • • 
= 45 + 7.3 + 2.8 + • • • 


and the overall removal is approximately 55%. 


10.14 Zone Settling 

Zone settling is when a suspension settles as a blanket without interparticle movement, 
that is, individual particles of all sizes move downward at the same velocity. The coales¬ 
cence of the suspended solids occurs during hindered settling of a sufficiently high con¬ 
centration of flocculent particles. 

In observing zone settling, a distinct interface is formed between the mass of 
settling solids in the sludge zone and the clear supernatant above formed from the water 
of separation. The settling velocity is the rate of downward movement of the sludge- 
blanket surface after reaching a constant-velocity characteristic of the suspension. Zone¬ 
settling velocities decrease with increasing initial concentrations of the same solids. As 
shown in Fig. 10.18(a), the relationship between v and C, is such that incremental in¬ 
creases in the suspended-solids content at high concentrations have a greater influence 
on retarding the settling velocity. The data from this curve can be replotted as solids flux 
versus initial suspended-solids concentration, as shown in Fig. 10.18(b). This plot is 
accomplished by multiplying the settling velocity times the solids concentration for sev¬ 
eral points along the v versus C, curve in Fig. 10.18(a) to yield the solids flux for a given 





Figure 10.18 Zone settling and solids flux diagrams (a) Settling 
velocity versus solids concentration for coalescing flocculent 
suspensions, (b) Gravitational flux versus solids concentration 
calculated from the versus v C, curve, (c) Underflow solids flux 
versus solids concentration resulting from the withdrawal of sludge 
from the bottom of the sedimentation tank. 
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Figure 10.19 A schematic diagram of zone settling in an activated-sludge 
final clarifier. 


concentration of suspended solids using 

G, = C,v (10.18) 

where 

= solids flux, Ib/ftVhr (kg/m^*h) 

C, = solids concentration, pcf (kg/m-’) 

V = settling velocity, ft/hr (m/h) 

Zone settling occurs in gravity separation of chemical floe from coagulated water, 
biological floe from activated sludge, and thickening of waste sludges. Most of the sedi¬ 
mentation tanks used in these processes continuously draw thickened sludge from the 
bottom of the tank [Fig. 10.18(c)]. Figure 10.19 is a cross-sectional view of a circular 
final clarifier used in the activated-sludge process. (Figure 10.25 illustrates this kind of 
clarifier.) The influent activated sludge enters in the center and the cleeu" effluent is with¬ 
drawn trom the periphery of the tank. In this continuous-flow system, zone settling is 
represented by the clear supernatant and hindered settling layer. Compression of solids 
can occur near the bottom ot the tank. Thickened sludge is continuously withdrawn from 
the tank bottom by uptake pipes. Solids flux resulting from withdrawal of sludge 
IS directly proportional to the concentration of solids in the sludge, as graphed in 
Fig Kl. 18(c). 

The total solids flux is the sum ot the gravitational flux and the underflow flux [10]: 

G = G, + G„ = C.v + C.u (10.19) 

where 

V = settling velocity, QJA 
u - underflow rate, Q^/A 

A total flux curve is shown in Fig. 10.20(a). The maximum flux G/. defines the maxi¬ 
mum solids loading that can be applied to the clarifier. The selection of as the limit¬ 
ing concentration for the maximum allowable solids flux is because of the ditference 
between laboratory settleability tests and the settling action in a full-scale tank. The 
experimental solids flux curve is a plot of a series of batch-settling tests performed in 
small laboratory containers. For each test, the settling velocity and solids flux of the 
coalesced solids are plotted against the initial solids concentration of the sample, and 
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Figure 10.20 Solids flux diagrams for zone settling, (a) Total solids flux 
as the sum of the laboratory gravitational flux and the underflow flux 
[Eq. (10.19)]. (b) Maximum allowable solids flux for the limiting layer of 
solids concentration Cl as the sum of the gravitational flux of the feed 
solids and the underflow flux [Eq. (10.20)]. 

consolidation during settlement is not considered. In an actual sedimentation tank op¬ 
erating under continuous flow (Fig. 10.19), the layers of settling solids at greater depths 
have greater solids concentrations, reduced settling velocities, and lower solids flux. 
Therefore, the limiting solids flux Gl in a real tank is the value associated with the 
limiting solids concentration Cf Normal operation encompasses the critical concentra¬ 
tion since the feed concentration C, is less than Cl and the underflow concentration C„ 
is greater than Cl [Fig. 10.20(a)]. 

The maximum allowable flux for a sedimentation tank under steady-state flows is 
the sum of the gravitational flux of the solids in the feed and the underflow flux: 

Gl =C,v, + CjU = C,v, + C.iQJA ) (10.20) 

Figure 10.20(b) is the maximum allowable flux diagram for the total flux curve in 
Fig. 10.20(a). Assuming sedimentation of all the applied solids (100% suspended-solids 
removal), the total solids in the underflow is equal to G,: 

Gl ^ C.u = CjQJA] (10.21) 

Tlie criteria for design of a sedimentation tank are an overflow rate less than the 
settling velocity of the feed solids, 

<J,IA^Vl ( 10 . 22 ) 

and a solids loading rate less than the limiting solids flux, 

C.{Q,/A>^Gt (H).23) 

The nminium allowable solids loading and maximum allowable oserflovv rate for 
design ot a sedimentation tank can be determined from labtiratory settleability data, as 
illustrated in Example 10.7. 

■ EXAMPLE 10.7 Settleability of an activated sludge was tested at several suspended- 
solids concentrations between 1000 and lO.OCK) mg/I using a laboratory seitleometer. At 
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(a) fb) 

Figure 10.21 Solids flux data from laboratory settleability analysis 
of an activated sludge for Example 10.7. 


each solids concentration, the steady-state settling velocity of the sludge blanket was 
determined and the solids flux calculated using Eq. (10.18). The results are plotted in 
Fig. 10.21. 

Determine the design criteria of maximum allowable solids loading and maxi¬ 
mum allowable overflow rate for an underflow solids concentration of 11.0 g/1 and an 
activated-sludge feed concentration of 3000 mg/1. 

Solution: The maximum allowable solids loading for a given underflow solids concen¬ 
tration can be determined graphically by drawing a line that passes through C„ and 
tangent to the experimental solids flux curve. The line intersects the ordinate at and 
IS tangent to the flux curve near C/,. (The choice of a lower C„, steeper tangent slope, 
increases the allowable G, by increasing the rate of underflow Q^/A. Conversely, 
a higher C^, flatter tangent slope, decreases and Q„IA.) The tangent drawn in 
Fig. 10.21(u) for C,. = 11.0 g/1 yields Cl = 7.3 kg/m-*h. 

The solids loading diagram in Fig. 10.2 Ub) is constructed to graphically determine 
the maxmium allowable overflow rate for an activated-sludge feed concentration of 
3000 mg/1. The vertical line drawn at C, = 3.0 g/1 relates to Eq. (10.20) such that 

C,v, = 7.3 - 2.0 = 5.3 kg/m-*h 

Therefore, the maximum allowable overflow rate (Eq. (10.22)1 is 


^ _ 5.3 kg/ni-’h _ 5.3 kg/nv*h 

A 3.0 g/1 3.0 kg/m^ 

From Fig. 10.2 Ub). the rate of underflow is 


1.73 mVm-*h 


/t 


2.0 kg/m--h _ 2.0 kg/m--h 
C, 3.0 kg/m’ 


0.67 mVm-’h 


The design criteria for C„ ~ 11.0 g/1, C, = 3.0 g/l, and an underflow of 0.67 mV 
m--h are 


maximum allowable solids loading = 7.3 kg/m--h (1.5 lb/ft*/hr) 
maximum allowable overflow rate = 1.73 mVm^h (1000 gpd/ft-) 
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10.15 Sedimentation in Water Treatment 

Surface water containing high turbidity (e.g., from a muddy river) may require sedimen¬ 
tation prior to chemical treatment. Presedimentation basins can have hopper bottoms or 
be equipped with continuous mechanical sludge-removal apparatus. The minimum rec¬ 
ommended detention period for presedimentation is 3 hr, although in many cases this is 
not adequate to settle out fine suspensions that occur at certain times of the year. Chemi¬ 
cal feeding equipment for coagulation is frequently provided ahead of presedimentation 
basins for periods when the raw water is too turbid to clarify adequately by plain sedi¬ 
mentation. Sludge withdrawn from the bottom of presedimentation basins is generally 
discharged back to the river. 

Sedimentation following flocculation depends on the settling characteristics of the 
floe formed in the coagulation process. A general range for the settling velocities of floe 
from chemical coagulation is 2-6 ft/hr. Detention periods used in floe sedimentation 
range from 2 to 4 hr, and overflow rates (surface settling rates) vary from 500 to 
1000 gpd/ft^ (20-41 mVm'-d). 

The Recommended Standards for Water Works, Great Lakes Upper Mississippi 
River Board of State Public Health & Environmental Managers [8] recommends the 
following standards for sedimentation design following flocculation: a minimum deten¬ 
tion time of 4 hr, which may be reduced by approval when equivalent effective settling 
is demonstrated; a maximum horizontal velocity through the settling tanks of 0.5 fpm 
(0.15 m/min) with the tanks designed to minimize short-circuiting; and a maximum rate 
of flow over the outlet weir of 20,000 gpd/ft of weir length (250 mVm-d). 

Plan-view diagrams of clarifiers used in water treatment are sketched in Fig. 10.16. 
Figure 10.22 shows a square clarifier having a sludge scraper equipped with special 
comer blades. The method of operation for the unit shown in Fig. 10.22 is referred to as 
cross-flow. Feed is introduced through submerged ports along one side of the tank and 
flows toward the effluent weir positioned along the opposite side of the clarifier. An 
alternative method of feed is to pipe influent to the center column of the clarifier, distrib¬ 
ute it radially, and collect the effluent over a peripheral weir extending around four sides 
of the sedimentation tank. 

Where quality of the water supply does not vary greatly, such as that from a well 
supply, flocculattir-clarifiers (solids contact units) are an efficient method of chemical 
treatment. One such unit, shown in Fig. 10.23, combines the processes of mixing, floc¬ 
culation, and sedimentation in a single-comparimented tank. Raw water and added 
chemicals are mixed with the slurry of previously precipitated solids to promote growth 
of larger crystals and agglomerated clusters that settle more readily. 

The Recommended Standards for Water Works [8) slates that flocculator-clarifiers 

are generally acceptable for combined softening and clarification where water characteris¬ 
tics, especially temperature, do not fluctuate rapidly, flow rates are uniform and operation is 
continuous. Before such units are considered a.s clarifiers without softening, specific approval 
of the reviewing authority shall be obtained. Clarifiers should be designed for the raa.ximum 
uniform rate and should be adjustable to changes in flow which are less than the design rate 
and for changes in water characteristics. 

Design criteria recommended are as follows: (1) a flocculation and mixing time of not 
less than 30 min based on total volume of mixing and flocculation zones; (2) minimum 
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Figure 10.22 Fiorculator and square sedimentation tank for water clarification, 
illustratine cross-flow operation (Courtesy of Dorr-Oliver. Inc) 



waste 


Figure 10.23 Flocculator-clarifier provides mixing, flocculation, and 
sedimentation in a conipartmented concentric circular tank. (Courtesy of Walker 
Process Equipment Division of McNish Corp.) 
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detention times of 2 to 4 hr for suspended-solids contact clarifiers and softeners treating 
surface water and I to 2 hr for the suspended-solids contact softeners treating only 
groundw ater, w ith the calculated detention time based on the entire volume of the floc- 
culator-clarifier; weir loadings not exceeding 10 gpm/ft (2.1 l/m-s) for units used as 
clarifiers and 20 gpm/ft (4.1 l/m*s) for units used as softeners; and upflow rates not 
exceeding 1.0 gpm/ft^ (0.68 l/m^*s) for units used as clarifiers and 1.75 gpm/ft^ 
(1.19 l/m“S) for units used as softeners, with the upflow velocity calculated by using 
the cross-sectional area under the outlet channels at the sludge separation line. 

The volume of sludge removed from clarifiers plus the quantity of backwash water 
from cleaning sand filters generally runs from 4% to 6% of the processed water. The 
exact amount of wastewater produced depends on chemical treatment processes em¬ 
ployed. type of sludge collection apparatus, and kind of filter backwash equipment. 

■ EXAMPLE 10.8 Two rectangular clarifiers each 90 ft long, 16 ft wide, and 12 ft deep 
are used to settle 0.50 mil gal of water in an 8-hr operational period. Calculate the 
detention time, horizontal velocity, overflow' rate, and weir loading, assuming multiple 
effluent weirs with a total length equal to three tank widths. 

Solution: 


flow = 0.50 mil gal/8 hr = 8356 ftVhr = 139 cfm 
2 X 90 X 16 X 12 

detention time =-= 4.1 hr 

8356 


horizontal velocity = 


139 


2 X 16 X 12 


- = 0.36 fpm 


, 3 X 500,000 

overtlow rate =-= 520 epd/tt* 

2 X 90 X 16 


, ^ 3 X 500,000 

weir loading = ---= 15,600 gpd/ft 

3 X 2 X 16 


10.16 Sedimentation in Wastewater Treatment 

Clarifiers used to settle raw w'astewater are referred to as primary tanks. Sedimentation 
tanks used between trickling filters in a two-stage secondary treatment system are called 
intermediate clarifiers. Final clarifiers are settling tanks following secondary aerobic 
treatment units. Placement of sedimentation basims in single-stage trickling-filter plants, 
two-stage filter plants, and activated-sludge plants are illustrated in Figs. 12.22, 12.23, 
and 12.32, respectively. 

Sedimentation tanks in wastewater treatment have average overflow rates in the 
range of 3(X)-1000 gpd/ft- and detention times between 1 and 3 hr. Side-water depths 
depend on settling characteristics of the waste and need for sludge storage volume in 
the tank bottom. 
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Separate design criteria are recommended for different sedimentation applica¬ 
tions [11]. Primary clarifiers normally have an average overflow rate in the range of 
600-800 gpd/ft‘ (24-32 mVm*-d) with a maximum recommended average rate of 
1000gpd/ftM41 mVm’*d) and a maximum rate not exceeding 1500gpd/ftM61 mVm-’d) 
for peak hourly flow. The side-w'ater depth should be as shallow as practicable, but not 
less than 7.0 ft (2.1 m). Maximum recommended weir loadings are 10.000 gpd/ft 
(124 mVm*d) for plants designed for an average flow of 1 mgdorless and 15.000 gpd/ft 
(186 m Vm'd) for plants designed for average flows greater than 1 mgd. 

Final clanfiers in trickling filter and rotating biological contactor plants normally 
have an average overflow rate of 800 gpd/ft- (33 mVm-'d) with a recommended maxi¬ 
mum of 12(X) gpd/ft‘ (49 mVm-’d) for peak hourly flow. The side-water depth is com¬ 
monly 7.0-8.0 ft (2.1 -2.4 m). with 7.0 ft being the recommended minimum. Maximum 
recommended weir loadings are 10.000 gpd/ft (124 mVnvd) for plants designed for 
average flows of 1 mgd or less and 15.000 gpd/ft (186 mVm-d) for plants de¬ 
signed for average flows greater than 1 mgd. Intermediate clarifiers have the same 
recommended side-water depths and weir loadings, but the average overflow rate is nor¬ 
mally 1(X)0 gpd/ft- (41 mVm-’d). with a recommended maximum of 121)0 gpd/ft- 
(49 nr/m-*d» for peak hourly flow 

Final settling tanks for activated-sludge processes are sized to account for zone 
settling ot a flocculent suspension. Design detention times, overflow rates, and weir 
loadings are selected to minimize the problems with solids loadings, densits currents, 
inlet hydraulic turbulence, and occasional poor sludge settleability. Compared to other 
wastewater sedimentation tanks, actnated-sludge final clarifiers are deeper to accom¬ 
modate the greater depth ot hindered solids settling, have a lower overflow rate to reduce 
carryover ot buoyant biological floe, and have inboard w'eir channels to reduce the 
approach velocity ot the effluent. Typical overflow rates for determining clarifier surface 
area based on average daily design flow are 6(X) gpd/tt- (24 mVm--d) tor plants smaller 
than 1 mgd and SOO gpd/ft- (33 m /nr-d) tor larger plants. Overflow rates during the 
peak diurnal flows should not exceed 1200 gpd/ft- (49 mVnv-di and 1600 gpd/tV 
(65 m'/in-'d) tor plants smaller and larger than 1 mgd, respectivelv The recommended 
minimum side-vvatei depth is 10 ft (.^ 1 m), with gieater depths for larger diameter t.inks 
(e g . 11 tt at 50-lt diameter and 12 tt at 100-tt diametei) Minimum detention times 
are 2 0 - ^ (t hr. depending on the values selected for overflow rate and side-water depth 
The maximum recommended weir loadings are lO.OtM)-20,000 gpd/ft (125-250 mV 
m*d ) The allowable solids loading relates primarily to the depth of the clarifier, type of 
mechanical sludge-removal equipment, and characteristics of the activated sludge. Ap¬ 
propriate solids loadings tor a properly designed clarifier are 50-60 lb/ft7day (250- 
29(» kg/m^d) tor a good settling sludge and 40-50 lb/ft-/duy (200-250 kg/m--d) for a 
pov»r settling sludge. Clanfiers w ith shallow water depths or high overfiovv rates, in com¬ 
parison to optimum design, may be limited to solids loadings ot 20-30 Ib/ttVdav (UHJ- 
150 kg/ni-'dt for adequate solids separation. 

The BOD removal trom raw' domestic wastewater in primary settling is generally 
lOSf, with the commonly assumed design BOD removal being 35Cf and sus¬ 
pended-solids removal ol 5{)‘< . Of course, the effectiveness of plain .sedimentation 
depends on the characteristics of the wastewater as well as clarifier design. If a munici¬ 
pal wastewater contains an unusual amount of soluble organic matter from industrial 
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wa<^tes, the BOD removal could be less than 30^r; conversely, if industrial wastes con¬ 
tribute settleable solids, the BOD removal could be greater than 40%. 

Design of a clarifier, the hydraulic loading, and wastewater characteristics influence 
the density of the accumulated sludge withdrawn from a clarifier [12]. With proper de¬ 
sign and operation, the sludge gravity thickens in the bottom of the tank. Hydraulic 
disturbances usually result in a more dilute sludge, in addition to reduced BOD and 
suspended-solids removal from the wastewater. Retaining the sludge solids too long can 
increase biological activity and expansion of the settled sludge blanket in both primary 
and final tanks. The higher the wastewater temperature, the greater the biological gas 
production and thinning of the settled sludge. In primary sedimentation, return of waste- 
activated sludge to the head of a plant can cause detrimental microbiological activity in 
the settled raw sludge, leading to foul odors, floating sludge, and thinning of the with¬ 
drawn sludge. Shortening the retention time of the sludge in the tank by more frequent 
withdrawal can help, but the best arrangement is separate disposal of the waste-activated 
sludge In Hnai sedimentation of activated sludge, retention of the settled sludge for too 
long can lead to floating solids and thinning of the sludge. The best solution is to use a 
scraper mechanism w ith uptake pipes spaced along the arm to remove the solids from 
the entire floor of the tank rather than plowing them to a central hopper prior to 
withdrawal 

Figure 10 24 pictures a typical primary settling tank. Wastewater enters at the center 
behind a stilling baffle and travels down and outward tow'ard effluent w^eire located on 
the peripher\ of the tank. The inlet line usually terminates near the surface, but the 
wastewater must rra\el dowm behind the stilling baffle before entering the actual settling 
/one. A stilling well reduces the \elocity and imparts a downward motion to the solids, 
which drop to the tank floor. 

The clarifier in Fig 10.25 is designed as a final clarifier for an activated-sludge 
secondary The liquid fljiw pattern is the same as that of a primary clarifier, but the 
4udge collection system is unique .Suction pipes are attached to and spaced along a 
\-plow-scraper mechanism rotated by a turntable above the liquid .surtace. The dis¬ 
charge ele\ ation ot the suction riser pipes in the sight well is lower than the water surface 
m the tank so that sludge is forced up and out of the uptake pipes by water pressure. The 
flow from each suction pipe is controlled by elevation adjustment of a slip tube over the 
iisei pipe The sludge collected in the sight well flows out through a vertical pipe cen¬ 
trally located m the influent wastewater pipe .A seal between the sight well and the 
w.i.stewaier riser allows the well to rotate around w'lth the collector arm without leaking 
sludge into the tank. 

Rapid unitorm withdrawal of sludge across the entire bottom of an activated-sludge 
fiFui claritier has two distinct advantages. The retention time of solids that settle near the 
tank’s periphery is not greater than those that land near the center; thus, aging of the bio¬ 
logical floe and subsequent floating solids due to gas production are eliminated. With a 
scrapci collector, the residence time of settled solids depends directly on the radial dis- 
faiice troin the sludge hopper. The second advantage is that the direction of activated- 
sludge return flow' is essentially perpendicular to the lank bottom, rather than horizontal 
tow,iid aceniiully IcKated sludge hopper. Dow'nward flow through a sludge blanket en¬ 
hances gravity settling of the floe and increases sludge density. This is an important factor 
when one considers that the return flow may be as great as one-half of the influent flow. 
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Figure 10.24 Topical prmiarv settling tank for vvastevvater treatment. 

(a] Circular settling tank with an inboard weir trough (b) Stilling well and 
sludge-collectmg mecnansm m a circular clarifier (Courtesy of Walker 
Process Equipment, Division of McNish Corp.) 

■ EXAMPLE 10.9 Dv'lemiine the dinieiiMons lor two rectangular primary clarifiers to 
■settle mVJ itf domestic wastewater based on the following criteria' an overflow 
rate ot 32 m .'ni -d. a side-water depth vil 2 4 in, weir loading of 125-250 niVni'd. and 
a length/w idlh ratio in the range of 3/1 to 5/1. Caleulate the detention time and estimate 
the BOD removu! eftieiency alter sizing the tanks. 

Solution: 

suriavc area ot each tank --— = 53.1 m- 

2 * 32 m /in-*d 
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-Dri\c niotur 



l>’l 'ludv’i. outlet 

Figure 10.25 Final clarifier designed foi use with activated-sludge processes 
Return sludge is withdrawn through suction (uptake) pipes located along the collector 
arm for rapid return to the aeration tank Sludge flowing from each pipe can be 
observed in the sight well (Courtesy of Walker Process Equipment, Division of 
Me Nish Corporation ) 


The appropriate width lor a standard-sized sludge-remosal mechanism is 4.0 m. 
Therefore, the tank length is 53 1/4.0 = 13.3 m, and the length/width ratio is 13.3/4.0 = 
> 3/1, which IS within the desired range of 3/1 -5/1. 

, 2 X 53.1 m- X 2.4 m x 24 hr/d 

detention lime =-= l.S hr 

3400 mVd 

. 34tX) mVd 

muMinum weir length --= 27.2 m 

125 inVm-*d 

3400 mVd 


minimum weir length = 


13.6 m 


250 mVnt‘‘cl 

Consider one inboard effluent channel and an end weir across the width of each tank. 






382 LHAf’TEP I u Phv'Si'.al Treatment Procebses 


For this arrangement, 

3400 mVd ^ 

weir loading = -—;--— 140 mVm*d (OK) 

2 X 3 X 4 m 

The BOD removal efficiency for an overflow rate of 32 mVm^-d = 800 gpd/ft'/day 
IS assumed to be 359c. ■ 


■ EXAMPLE 10.10 Two final clarifiers of the type shown in Fig. 10.25, with lOO-ft 
diameter and 12-ft side-water depth, are provided for an activated-sludge plant designed 
to treat 12,5 mgd. Calculate the overflow rate and detention time based on design flow. 
If the aeration tank is operated at a mixed-liquor suspended-solids concentration of 
4000 mg/1 and a recirculation ratio of 0.5, calculate the solids loading on the clarifier. 

Solution: 


surface area of clarifiers = 2 x 7r(50)- = 15,700 ft- 


volume of clarifiers = 15,700 x 12 x 7.48 = 1,410,000 gal 


overflow rate = 


12,500,000 

15,700 


800 gpd/ft- <32 mVm^d) 


1,410,000 X 24 

detention time = —= 2.7 hr 
12,500.000 


Flow from the aeration tank to the clarifier with a recirculation ratio of 0.5 equals 
15* 12.5 = 18.8 mgd. 


Svilids loading 


18.8 4000 x 8.34 

15,700 


= 40 lb/fi-/day {195 kg/m**d). 


10.17 Grit Chambers in Wastewater Treatment 

(jrit includes gravel, sand, and heavy particulate matter such as corn kernels, bone chips, 
and svitfee grounds hor design purposes, gnt is defined as fine sand, 0.2-mm-diameter 
particles with a specific grav itv 2 05 and a settling velocity of 0 075 fps 

Grit removal in inunicipaj w astewater treatment protects mechanical equipment and 
pumps troin abnormal abrasive wear, prevents pipe clogging by its deposition, and re¬ 
duces accumulation in settling tanks and digesters Grit chambers are commonly placed 
between litt pumps and primary settling tanks Wear on the centrifugal pumps is toler¬ 
ated to obtain the convenience of ground-level construction of grit chambers. 

Several types of gnt-remov al units are used m w astew ater treatment. The kind se¬ 
lected depends on the amount of grit in the w astew ater, si/e of the plant, coin enience of 
operation and maintenance, and costs of installation and operation Standard types are 
channel-shaped settling tanks, aerated tanks of various shapes with hopper bottoms, 
clarifier-type tanks with mechanical scraper arms, and cyclone gnt separators with 
screw-type gnt washers. 

Historically pvipular but rarely in use today, the channel-ty pe grit chamber is u long, 
narrow, shallow settling channel with a paiportumal weir placed in the discharge end. 
The weir opening is shaped to keep the horizontal velocity relatively constant w ith vary- 
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mg depths of flow. To pres ent scouring of the precipitated gnt. the horizontal velocity 
IS controlled at approximately 1 fps. 

Square and rectangular hopper-bottom tanks with the inlet and effluent weir on 
opposite sides of the tank are generally used in small plants. These units are often mixed 
b\ diffused aeration to keep the organic solids in suspension while the grit settles out. 
Design of an aerated hopper-bottom grit tank is based on a detention time of approxi¬ 
mately 1 min at peak hourly flow. Settled substances are removed from the hopper bot¬ 
tom by pumping, screw conveyor, bucket elevator, or. if possible, gravity flow. 

Claritier-iype tanks are generally square, with influent and effluent weirs on oppo¬ 
site sides. A centrally driven collector arm scrapes the settled grit into an end hopper. 
The grit is then elevated into a receptacle with a chain and bucket, or screw conveyor. 
The claritier may be a shallow tank or a deeper aerated chamber. 

Grit taken from these kinds of grit chambers is sometimes relatively high in organic 
contents A counterflow gnt washer that functions like a screw conveyor can be used to 
wash the gnt and return waste organics to the plant influent. Alternatively, a special 
centntugal pump can lift the slurry from a gnt sump to a centrifugal cyclone. The cy¬ 
clone separates the grit from the organic material and discharges it to a classifier for 
washing and draining. Wash water and washed-out organics from the cyclone and clas¬ 
sifier return to the wastewater. 

Preaeration of raw wastewater prior to primary sedimentation is practiced to restore 
freshness, scrub out entrained gases, and improve subsequent settling. The process is 
similar to flocculation if the detention time is not less than 45 ipm without chemical 
addition, or about 30 min with chemicals. Normally, the purpose of preaeration is fresh¬ 
ening wastewater, not flocculation, and little or no BOD reduction occurs. The detention 
time in preaeraiion basins is generally less than 20 min. Air supplied for proper agitation 
ranges from 0.05 to 0.20 ft Vgal of applied wastewater. 

Processes of gnt removal and preaeration can be performed in the same basin—a 
hupper-bottom or clanfier-type tank provided with grit-removal and washing equip¬ 
ment Aeration mixing improves grit separation while freshening the wastewater. 

■ EXAMPLE 10.11 Design wastewater flows for a treatment plant are an average daily 
rt«>w of 2SU gpni and a peak hourly rate of 450 gpm. Estimate tank volumes and dimen¬ 
sions tor the following grit-removal units: fl) a hopper-bottom tank with grit washer 
and 12) a claritier-t> pe unit for gnt removal and preaeraiion. 

Solution: 

1. Design criteria for a hopper-bottom grit-removal tank: 

detention time = 1 min at peak flow 

volume of tank required = 450 x 1.0 = 450 gal = 60 ft' 

2. Design criteria for a preaeration basin with grit removal: 
detention time = 20 min 

volume of basin required = 280 X 20 = 5600 gal = 750 ft^ 

Use a 12 X 12 ft basin 6 ft deep + freeboard, provide a revolving clarifier 
mechanism, a separate grit washer, and diffused aeration along one side of 
the tank. ■ 
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FILTRATION 

Filtration is used to separate nonsettleable solids from water and wastewater by passing 
it through a porous medium. The most common system is filtration through a layered 
bed of granular media, usually a coarse anthracite coal underlain by a finer sand. 


10.18 Gravity Granular-Media Filtration 

Gravity filtration through beds of granular media is the most common method of remov¬ 
ing colloidal impurities in water processing and tertiary treatment of wastewater. 

The mechanisms involved in removing suspended solids in a granular-media filter 
are complex, consisting of interception, straining, flocculation, and sedimentation, as 
shown schematically in Fig. 10.26. Initially, surface straining and interstitial removal 
results in accumulation of deposits in the upper portion of the filter media. Because of 
the reduction in pore area, the velocity of water through the remaining voids increases, 
shearing off pieces of captured floe and carrying impurities deeper into the filter bed. 
The eflective zone of removal passes deeper and deeper into the filter. Turbulence and 
the resulting increased particle contact within the pores promotes flocculation, resulting 
in trapping of the larger floe particles. Eventually, clean bed depth is no longer available 
and breakthrough occurs, carrying solids out in the underflow and causing termination 
of the filter run. 



Figure 10.26 Schematic diagram illustrating straining, flocculation, 
and sedimentation actions in a granular-media filter. 
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Microscopic particulate matter in raw water that has not been chemically treated 
will pass through the relatively larger pores of a filter bed. On the other hand, suspended 
solids ted to a filter with excess coagulant carryover from chemical treatment produces 
clogging of the bed pores at the surface. Optimum filtration occurs when impurities in 
the water and coagulant concentration cause “in-depth” filtration. The impurities nei¬ 
ther pass through the bed nor are all strained out on the surface, but a significant amount 
of flocculated solids are removed throughout the entire depth of the filter. 

Granular-media filtration of surface water for removal of Giardia cysts using field- 
scale pilot filters and testing at full-scale treatment plants has demonstrated the necessity 
of proper chemical pretreatment for effective removal of microscopic particles [13,14]. 
The dual-media pilot filters were operated at a rate of 5 gpm/ft^ and filtered low- 
temperature (near 0°C-8°C) low-turbidity (0.5-1.5 NTU) waters after coagulation 
with either a cationic coagulant or alum and a polymer aid. The contaminant removals 
with proper chemical pretreatment were turbidity 84%-96%, coliform bacteria 97%- 
99.9591. and Giardia cysts 100%, meaning no cysts were detected in the filtered water. 
The removals without chemical pretreatment were turbidity 35%-57%, coliform bac¬ 
teria bO*'*, and Giardia cysts 80% - 91%. Even a lapse in chemical feed for a short time 
allowed a higher proportion of particles, including cysts, to pass through the filter. To 
ensure that large enough numbers of coliform bacteria and Giardia cysts were present, 
the raw water was seeded with these microorganisms for several of the test runs. The 
best indicators of proper chemical pretreatment for removal of Giardia cysts and other 
microscopic particles were the percentage reduction in turbidity and the concentration 
of turbidity in the filtered water. The survey of full-scale treatment plants processing 
waters from mountain streams containing Giardia cysts verified the importance of 
proper chemical pretreatment. Giardia cysts were found in the finished waters of those 
plants w ith either no chemical pretreatment or improper coagulation. In filtering these 
low-turbidity waters (less than I NTU), effective chemical pretreatment is either a fin¬ 
ished water turbidity of less than 0.1 NTU or the absence of microscopic particles [14]. 


Traditional Filtration 

\ typical scheme for processing surface supplies to drinking water quality, shown in 
hig 10 27. consists of flocculation with a chemical coagulant and sedimentation prior 
to filtration, kinder the force of gravity, often by a combination of positive head and 
sus.tK)n from underneath, water passes downward through the media that collect the floe 
and p;irticles When the media become filled or solids break through, a filter bed is 
cleaned by backwashing w here upward flow fluidizes the media and conveys away the 
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Figure 10.27 Flow diagram for a traditional surface water treatment system. 
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impurities that have accumulated in the bed. Destruction of bacteria and viruses depends 
on satisfactory turbidity control to enhance the efficiency of chlorination. 

Filtration rates following flocculation and sedimentation are m the range of 2- 
10 gpm/ft* (1.4-6.8 l/m^*s), with 5 gpm/fF (3.4 l/m‘‘S) normally the maximum 
design rate. 

Direct Filtration 

The process of direct filtration, diagrammed in Fig. 10.28, does not include sedimenta¬ 
tion prior to filtration. The impurities removed from the water are collected and stored 
in the filter. Although rapid mixing of chemicals is necessary, the flocculation stage is 
either eliminated or reduced to a mixing time of less than 30 min. Contact flocculation 
of the chemically coagulated particles in the water takes place in the granular media 
[15]. Successful advances in direct filtration are attributed to the development of coarse- 
to-fine multimedia filters with greater capacity for ’‘m-depth’* filtration, improved back- 
washing systems using mechanical or air agitation to aid cleaning of the media, and the 
availability of better polymer coagulants. 

Surface waters with low turbidity and color are most suitable for processing by 
direct filtration. Based on expenences cited in the literature, waters with less than 
40 units of color, turbidity consistently below 5 units, iron and manganese concentra¬ 
tions of less than 0.3 and 0.05 mg/1, respectively, and algal counts below 2000/ml can 
be successfully processed [16]. Operational problems in direct filtration are expected 
when color exceeds 40 units or turbidity is greater than 15 units on a continuous basis. 
Potential problems can often be alleviated during a short period of lime by application 
of additional polymer. Tertiary' filtration of wastewaters containing 20-30 mg/1 of sus¬ 
pended solids following biological treatment can be reduced to less than 5 mg/I by direct 
filtration. For inactivation of viruses and a high degree of bacterial disinfection, filtration 
of chemically conditioned wastewater precedes disinfection by chlorine. 

The feasibility of filtration without prior flocculation and sedimentation relies on a 
comprehensive review of water quality data The incidence ot high turbidities caused by 
runoff from storms and bliMims of algae must be evaluated Often, pilot testing is valu¬ 
able in determining efficiency of direct filtration compared to conventional treatment, 
design ot filler media, and selection of chemical conditioning 

Filtration rates in direct filtration are usually 1 -6 gpm/ft- (0.7-4.1 l/nr’-s), some¬ 
what lower than the rates follow mg traditional pretreatment. 
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Figure 10.28 Flow diagram for direct filtration of a surface 
water supply or tertiary treatment of wastewater. 
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10.19 Description of a Typical Gravity Filter System 

A cuta\va\ view of a gravity filter is shown in Fig. 10 29. During filtration, the water 
enters above the filter media through an inlet flume. After passing ddw'nward through 
the granular media (24-30 in. in thickness i and the supporting gravel bed, it is collected 
in the underdrain system and discharged through the underdrain pipe. To backwash the 
dirty filter, the water level is lowered to near the surface of the granular bed, and the 
media are scoured by either upward flow of air alone or by upward flow of air and water 
concurrently Wash water entering the underdrain is distributed under the media and 
flows upward hydraulically, expanding the media and conveying out impurities. The 
turbid wash water is collected in the wash-water troughs that discharge to the outlet 
flume 

Filter Media 

Broadly speaking, filter media should possess the following qualities: (1) coarse enough 
to retain large quantities of floe. i2) sufficiently fine to prevent passage of suspended 
solids. (3) deep enough to allow relatively long filter runs, and (4) graded to permit 
backwash cleaning These attributes are not all compatible. For example, a very fine 
sand retains floe, which also tends to shorten the filter run, while for a coarse sand the 
opposite would be true Recent trends are toward coarse sands and dual-media beds of 
anthracite overlying sand so that high rates of filtration can be obtained. 

A filter medium is defined by effective size and uniformity coefficient The effective 
size IS the 10-percentile diameter; that is. lO^J by weight of the filter material is less 



Figure 10.29 Cutaway view of a gravity-filter box with water and air 
piping, wash-water troughs, and dual-media filter supported on a plastic 
block underdrain. (Courtesy of the F. B. Leopold Company, Inc.) 
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than this diameter. The uniformity coefficient is the ratio of the 60-percentile size to the 
10-percentile size. In water treatment [8], the conventional sand medium has an effective 
size of 0.45-0.55 mm, a uniformity coefficient less than 1.7, and a bed depth of 24- 
30 in. For dual-media filters, as shown in Fig. 10.30, the top anthracite layer has an 
effective size of 0.9-1.1 mm, a uniformity coefficient of less than 1.7, thickness of a 
few inches to two-thirds of the total filter thickness of 24-30 in., and is underlain by a 
sand filter layer as described above. The supporting coarse sand layer between the filter 
sand and the underlying gravel has an effective size of 0.8-2.0 mm and a uniformity 
coefficient less than 1,7. The conventional supporting gravel layers, beneath the filter 
to the underdrain, are f8] 2 to 3 in. of '/lo-Mh in., 2 to 3 in. of Vxb-Vi in., 3 to 5 in. of 
in.. 3 to 5 in. of Va-V/z in., and 5 to 8 in. of Vn-lVi in. The coarsest layer of 
gravel required is detemuned by the kind of underdrain and size of openings for passage 
of filtered and backwash water, 

.A sand filter bed w ith a relatively umform grain size can provide effective filtration 
throughout its depth. If the gram size gradation is too great, effective filtering is confined 
to the uppier few inches of sand. This results because the finest sand grains accumulate 
on the top of the bed during stratification iifter backwashing. The problem of surface 
plugging of sand filters led to development of dual-media filters. A dual-media filter 
consists of a sand [specific gravity (sp gr). 2.65] layer topped with a bed of anthracite 
coal medium (1.4-1.6 sp gr). The coarser anthracite top layer has pores about 20^^ 
larger than the sand medium. These openings are capable of adsorbing and trapping 
particles so that floe carried over in clarified water does not accumulate prematurely on 
the filter surface and plug the sand filter. 


.Anthracite (coal» 

Specific gravity 14-16 
Effective size 0 9-1 1 mm 
Uniformity coefficient < 1 7 


Sand 

Specific gravity 2.65 
Effective size 0.45-0.55 mm 
Uniformity coefficient < 1.7 


Coarse sand 

Layers of fine to 
coarse gravel 


Underdrain 

Figure 10.30 Cross section of the media in a coal-sand 
dual-media filter and supporting gravel layer showing typical 
grain sizes, specific gravities, effective sizes, and uniformity 
coefficients. 
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Unconventional tillers described by Cleasby [17] are dual media with coarse an¬ 
thracite having an effective size of about 1.5 mm and a low uniformity coefficient to 
provide a greater volume of voids to collect impurities and extend filter runs of highly 
tisrbid surface waters and wastewaters. To avoid problems in backwashing, the recom¬ 
mended effective size of the underlying sand medium is 0.75 to 0.90 mm for anthracite 
densities of 1.45 to 1.65. The use of a single-medium coarse-sand filter is practiced in 
Europe For example, sand with a size range of 0.9-1.5 mm and about 1.0 m depth has 
been used.in surface water treatment plants. These filters are scoured with concurrent 
air and water at nonfluidizing velocity followed by a brief wash at high velocity with 
water alone. Triple-media filters comprising anthracite, sand, and garnet layers have 
been used tor many years in the United States. Both dual- and triple-media filters are 
substantiallv better than the conventional sand filter in providing longer filter runs with 
a corresponding reduction in required backwash water. In comparing these two filters, 
however, the benefit of adding a third layer has not been well demonstrated [17]. 

Underdrain Systems 

The purposes for the underdrain of a filter are to support the filter media, collect the 
filiered w ater, and distribute the water for backwashing and air for scouring. The number 
and depths of the gravel las ers, both to prevent loss of the media during filtration and to 
contribute to umform distribution of backwash water, depend on the size of openings in 
the underdrain Large openings require a deep gravel layer, and hence a deeper filter 
box. but have reduced head loss during backw'ashing. Smaller openings, such as the slots 
in nozzles, require only the finer gravel layers but have higher head loss. The underdrain 
^v stems of pipe laterals with orifices and vitrified tile blocks allow only w'ater backwash; 
some underdrains permit separate air scour and water backwash; and others are designed 
tor concurrent uir-and-water scour and water backwash. Table 10.3 lists some of the 
common filter underdrain systems. Vitrified tile, plastic block, and nozzles are manufac- 


Table 10 .3 Common Filter Underdrain Systems 

KIND Ob liNDfiRDR.AIN FEATURES 


Pspc LitvMi'' with orifices 

Pipe laterals with nozzles 

Vanned tile block 


Piastie dual-lateral block 

F’lastjc nozzles 


Deep gravel layer 
Medium head loss 
No air scouring 
Shallow gravel layer 
High head loss 
Air scouring 
Shallow gravel layer 
Medium head loss 
No air scouring 
Deep gravel layer 
Low head loss 

Concurrent air-and-water scouring or air scouring 
Shallow or no gravel layer 
High head loss 
.Air scouring 
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Figure 10.31 High-density polyethylene underdrain block with dual- 
parallel lateral design for either air scour followed by a water 
backwashing or concurrent air-and-vvater scouring and water 
backwashing (Courtesy of the F. B. Leopold Company. Inc ) 


tured. proprietary systems. Pipe lateral underdrains can be fabricated on site The quality 
of water or wastewater being filtered, type of tiller media, backwash, and securing sys¬ 
tem desired, and cost are factors that influence underdrain design (l.S| 

I’hc e.iiliest underdrain was pipe laterals with oidices composed i>t perforated 
pipes summnded and overlain by graded gravel layers If the pipe laterals were fitted 
with no/ylcs. the gravel layer could be shallower and air scouring used Vitrified tile 
bliKks have upper and lower laterals with orifices Wash waiei enieis the Unver lateral, 
flows up thrv»ugh orifices into the upper lateral, and upward again through a secvuid 
set of orifices for unitorm distribution under the gravel layer The disadvantage is 
the inability to use air scouring or air-and-water backwash The plastic block, shown 
in Figs. 10 31 and 10 29, has a dual-parallel lateral design tor distribution ot either an 
scouring and water backwash or concurrent air-and-vvater scouring and water back¬ 
wash The underdrain illustrated in Fig. 10 32 consists ot plastic noz/Jes without a 
gravel layer Each noz/le is constmeted of wedge-shaped segments assembled with 
stainless steel bvilts u> form media-retaining slots that are tapered larger in the direction 
of filtering water. For air scouring before water backwash, the nozzles have b-in -long 
plastic tubes that evtend into the collecting well. Air is applied through the air holes 
that are sized to maintain a 3,5-in. cushion to ensure equal noz/le piessure and uniform 
air distribution. 
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Figure 10.32 Underdrain system for air scouring and water backwashing of a 
granular-media filter (a) Cross section of the filter, (b) Detail of the air-water nozzle. 
iCourtesy of General Filter Co , Ames, lA.) 


10.20 Flow Control Through Gravity Filters 

Depending on the design, the operation of a gravity filter can be controlled by the 
toliuwing methods: rate of discharge, constant level, influent flow splitting, and de¬ 
clining rate. 


Rate-of-Flow Control 

Traditional systems for control of gravity filtration regulate the rate of discharge from 
the filter underdrain. The influent enters each filter below the operating water level and 
IS essentially unrestricted. A step-by-step description of the flow control operation fol¬ 
lows the \alve numbering illustrated m Fig. 10.33. Initially, valves 1 and 4 are open and 
2,3, and 5 are closed, permitting filtration to proceed. Overflow from the settling basin 
IS applied to the filter, and water passes through the bed into the clear well. When head 
loss becomes excessive, valves 1 and 4 are closed (3 remains closed), and 2 and 5 are 
opened to permit backwashing. Clean wash water flows into the filter underdrain system, 
Wrhere it is distributed upward through the filter media. Dirty wash water is collected by 
trtmghs and flows into the flume connected to a drain. At the beginning of a filter run, 
some tillered water can be wasted to flush out the wash water remaining in the bed. This 
initial wasting is accomplished by opening valve 3 when valve 1 is opened to start 
filtration <2, 4, and 5 are shut). Then valve 4 is opened while valve 3 is being closed. 
The sequence is then repeated. 
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Figure 10.33 Diagram illustrating the operation of a traditional gravity filter 
system by control of the rate of flow. 


The piezometric diagrams in Fig. 10.34 illustrate the approximate hydraulic profiles 
through a gravity filter system operated by rate-of-flow control. During filtration the 
depth of water above the surface of the filter media is 3-4.5 ft (0.9-1.4 m). The filter 
effluent pipe is trapped in the clear well to provide a connection to water above the media 
and to prevent backflow of air to the bottom of the filters. The total head available for 
filtration is equal to the difference between the elevation of the water surface above the 
media and the water level in the clear well, commonly 9-12 ft (2.7-3.7 in). A rate-of- 
flow controller (a valve controlled by a flowmeter) in the filter effluent pipe regulates 
the rate of flow through a clean bed. As the pores of the filter media fill, the head loss 
in the bed increases and the valve automatically opens wider to maintain constant flow. 
The flow controller valve is wide open when the measured head loss through the filter 
media is 8-10 ft (2.4-3.0 m) and the bed is cleaned by backwashing. A control console 
for each filter unit is provided with a head-loss gage, flowmeter, and rate controller. 

The advantage of rate-of-flow control is that the design procedures are well estab¬ 
lished. The main disadvantages are the high construction and maintenance costs of this 
relatively complex control system. Also, manual or automatic control of plant influent 
is necessary to equal the outflow and to maintain constant water levels above the 
filter beds. 

Constant-Level Control 

Constant-level control, .which is similar to constant-rate control, employs an effluent 
control valve that automatically adjusts the filter discharge to maintain a preset water 
level above the bed in the filter box. If the filtration rate is too high, a dropping water 



10 20 Flow Control Through Gravity Filters 393 



Figure 10.34 Piezometric head diagrams through a gravity filter system 
operated by control of the rate of flow. 


level throttles the valve. Conversely, as the rate decreases, resulting from accumulation 
of impurities in the bed, the tendency of the water level to rise opens the control valve. 
For uniform operation, the plant inflow must remain unchanged and the effluent water 
level in the clear well held constant because of the hydraulic connection to the water 
above the bed. In addition to cost and mechanical complexity, a potential disadvantage 
for this type of control system is the possibility of momentary surges in filtration rates 
caused by an increased plant inflow or sudden rise in water level above the operating 
filters when one unit is taken out of service for backwashing. Sudden filtration rate 
increases through partially dirty filters can result in accumulated impurities being 
flushed from the bed in the effluent. 


Influent Flow Splitting 

The typical arrangement of filtration control through flow splitting for constant-rate fil¬ 
tration is illustrated in Fig. 10.35. While employed selectively in drinking water filtra¬ 
tion, this system is commonly constructed for effluent filtration in advanced wastewater 
processing. 

Plant inflow is split equally to all operating filters through an influent weir box (1) 
at each unit, passes through the media to the underdrain, and then into the clear well 
through valve 2. At minimum operating water level, the applied water is conveyed over 
the bed through the wash troughs and overflows into the water overlying the bed without 
disturbing the media. Head loss through the clean filter is he (Fig. 10.35). After the 
troughs are submerged, the influent weir discharges directly into the water above the 
bed. To prevent accidental dewatering of the filter media, the underflow passes over an 
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Figure 10.35 Typical arrangement of flow control by influent flow splitting for 
constant-rate filtration. 


effluent weir located above the surface of the bed to enter the clear well. This arrange¬ 
ment eliminates the possibility of creating a negative head in the filter since the hydrau¬ 
lic pressure for filtration is generated only by the depth of water above static level. 
Constant-rate filtration is achieved without rate-of-flow controllers if the total plant in¬ 
flow remains constant. Furthermore, effluent flowmeters are not necessary on the filters 
because the flow per filter is approximately the total plant inflow divided by the number 
of units in operation. As impurities fill the media, the water level above the bed rises to 
maintain the constant filtration rate. Thus, the head loss is apparent by the depth of water 
above the filter bed, which can be read by either a simple staff gage or an automatic 
water-level recorder. When the water level reaches the maximum operating level, the 
filter is backwashed. 

The sequence for cleaning the bed is started by closing influent valve 1 and opening 
valve 3 to the wash-water outlet channel, thus draining out the water overlying the bed 
and lowering the level to the wash troughs. After the close of valve 2 to the clear well, 
wash-water valve 4 can be opened, allowing wash water to flush impurities out of the 
fluidized bed. The clean media are allowed to restratify in quiescent water before closing 
and opening appropriate valves to restore filtration. The initial filtered water, if con¬ 
taminated, can be wasted to a drain by opening valve 5. When one unit is taken out of 
service for backwashing, the water level gradually rises above the remaining beds until 
sufficient head is achieved to filter the higher flow received. Filtration rates increase 
slowly and smoothly with minimal effect on the filtered water quality. 

The flow-splitting filtration system reduces the need for the piping and hydraulic 
controls required by traditional rate-of-flow control systems. The only disadvantage is 
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the additional 5-6 ft (1.5-1.8 m) required in the depth of filter boxes to provide avail¬ 
able head above the bed for filtration. On the other hand, eliminating the suction head 
under the bed removes the possibility of a negative pressure in the media with the con¬ 
sequent release of dissolved gases. 


Declininy-Rate Filtration 

As illustrated in Fig. 10.36, the cross-sectional view of a declining-rate filter appears 
similar to that of an influent flow-splitting unit. The principal differences are the location 
and type of influent arrangement and the provision of less available head loss. 

Inflow enters a filter through valve 1 below the low-water level from a common 
channel (or large influent pipe) supplying a series of filters. It passes through the filter 
media, underdrain, and valve 2 into the clear well. Because of the common supply, the 
depth of water over all filters in the group being served is the same at any time. The 
filtration rate of any one unit depends on the head loss through that bed; consequently, 
the cleanest filter accepts the greatest flow and the dirtiest the least. As the rates of 
filtration through some beds decrease, inflow is automatically redistributed to the 
cleaner beds to compensate for the capacity lost by the dirtier filters. During redistribu¬ 
tion of flow, filtration rates shift gradually among the interconnected units as the water 
level rises slowly, providing the needed additional hydraulic head to maintain a constant 
overall quantity of water being processed. Eventually, the operating water level reaches 
the maximum elevation and the dirtiest filter is backwashed to increase its rate of filtra¬ 
tion. After this unit returns to service, the flow to all filters redistributes at a lower 
operating water level. 



Figure 10.36 Typical arrangement of a declining-rate filtration system. 
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Figure 10.37 Diagrams for declining-rate filtration showing the filtration 
rate, water level, and head losses for one filter run in a plant having four 
filters. [From J. L. Cleasby, “Declining-Rate Filtration,” J. Am. Water Works 
Assoc. 73(9) (1981): 485.] 

The general behavior of declining-rate filters is depicted in Fig. 10.37 [19]. The 
upper curve gives the rate of filtration for filter 1 starting at 6 gpm/fF and slowly declin¬ 
ing to 3 gpm/fF, which represents the time from starting as a clean bed to backwash. In 
the lower diagram, the solid line shows the water level gradually rising above all filters 
as their head losses increase, resulting from accumulation of impurities in the granular 
media. At point A the dirtiest bed (2) is backwashed and the three remaining filters 
receive additional flow to compensate for this unit being removed from service for clean¬ 
ing. Overall filtration capacity is retained by the automatic increase in rates through the 
operating filters forced by the rise in water level from point A to point B. After the clean 
filter 2 is returned to operation, the common water level drops to level C. 

The vertical distance from the horizontal axis of Fig. 10.37 to the water level line is 
the elevation of water above the effluent weir, which is the total head loss through any 
filter. The dashed lines apply to filter 1 starting as a clean bed to the time of backwash. 
Measuring upward from the horizontal axis, the vertical distances between the lines 
represent head losses in the underdrains and piping, clean media, and head loss caused 
by the accumulation of impurities in the media. The latter increases as the bed becomes 
dirtier, and the losses in the clean media and underdrain system decrease relative to the 
loss caused by solids removal as the rate of filtration through filter 1 decreases. Back- 
washing of filters 2-4 causes the temporary rises in all of the curves. 

Design considerations unique to a declining-rate filtration system are predicting 
water-level variations, preventing excessive rates through clean filters, and the influence 
of inflow variation on filtration hydraulics. Cleasby and DiBernardo [20] discuss the 
hydraulic considerations in declining-rate filtration in detail, including sample calcula¬ 
tions to predict water-leyel variations and head losses necessary for design. The mini¬ 
mum water level with a head loss of he in Fig. 10.36 results only if all beds are clean. 
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The other water levels, labeled A-C in Fig. 10.36, correspond to the labeled points in 
Fig. 10.37. The maximum level B results when one filter is out of service for backwash¬ 
ing. The range between levels C and A is the normal operating zone of head loss during 
the time period between backwashing of filters. The recommendation for preventing an 
excessive filtration rate through a clean filter is to insert a flow-restricting device in the 
pipeline leading from the filter underdrain to the clear well. This could be an orifice, a 
fixed-position valve, or a two-position valve. 

Advantages attributed to declining-rate filtration compared to traditional systems 
are that effluent quality is improved, head loss is lower for an equal length of filter run, 
smooth transitions in filtration rate changes are attained, negative pressure cannot occur 
in the bed, flowmeters and effluent control equipment are not needed, and construction 
and maintenance costs are lower. The disadvantages are that a greater depth is required 
in filter boxes, a high-water-level alarm is desirable, and, since the rate through filters 
cannot be manipulated, the ability of the plant to process increased flows must be con¬ 
sidered by the operator [20]. 


10.21 Head Losses Through Filter Media 

Head loss through a clean granular-media filter is generally less than 3 ft (0.9 m). With 
accumulation of impurities, head loss gradually increases until the filter is backwashed, 
usually at 8-10 ft (2.4-3.0 m). In this section the Kozeny equation is presented for 
calculating head loss through a clean filter. Several other formulas not discussed here 
have been developed, such as those of Carman and Kozeny [21] and Rose [22]. Formu¬ 
lation of a relationship for head loss through dirty filters is very difficult; although sev¬ 
eral techniques have been proposed, none is considered able to provide substantially 
accurate predictions. 

Poiseuille’s equation for laminar flow through a circular capillary tube is 


where 


h _ 3^ 
I ~ gD^ 


(10.24) 


h// = head loss per unit length, ft HjO/ft (m/m) 

V = kinematic viscosity (/r/p), fF/s (m^/s) 

V ~ mean velocity of flow, ft/s (m/s) 
g ~ acceleration of gravity, ft/s^ (m/^) 

D ~ capillary tube diameter, ft (m) 

Granular media can be idealized as a bundle of capillary tubes representing the pore 
passages of the bed. The hydraulic radius for such an ideal bed is equal to the volume 
of the pores divided by the wetted internal surface area of the tubular passages. For a 
unit volume of the bed, the pore volume is the porosity and the wetted surface area is 
the volume of spherical grains times the volume of a sphere (TTclVd) divided by the area 
of a sphere {ird}). Therefore, 


_e_6e 

(1 - e)(7rdV6)/(7rd") “ d(l - e) 


hydraulic radius = 


(10.25) 



37 
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where 

e = porosity of the stationary filter bed, dimensionless 
d - diameter of spherical grains, ft (m) 

Replacing the 6 with S (the shape factor) and substituting a constant times the square of 
the hydraulic radius for in Poiseuille’s equation yields the Kozeny equation [23] for 
the rate of head loss for water flow through a clean granular medium: 


where 


h Ml - eyvs^ 

I gs^d^ 


(10.26) 


h/l = head loss per unit depth of filter bed, ft HjO/ft (m/m) 

J = constant, approximately 6 for filtration in the laminar flow 
region, dimensionless 

V = kinematic viscosity (fx/p), ftVs (mVs) 
g = acceleration of gravity, ft/s^ (m/s^) 

e = porosity of the stationary filter bed, dimensionless 

V = superficial (approach) velocity of water above the bed, ft/s (m/s) 
5 = shape factor ranging from 6.0 for spherical grains to 7.5 

for angular grains, dimensionless 
d = mean grain diameter, ft (m) 


Equation (10.26) can be easily applied to determine head loss in a homogeneous 
granular-media bed. Filter beds in water and wastewater, however, are usually graded 
beds stratified as a result of backwashing with the coarsest grains on the bottom and 
finest on top. The grain-size distribution in a bed is defined by a sieve analysis. 
Table 10.4 lists the U.S. sieve series by the sieve designation number (the approximate 
number of meshes per inch) and the size of openings. For practical purposes, the thick¬ 
nesses of substantially uniform layers in a stratified bed can be assumed to be propor¬ 
tional to the weights of the portions separated by the sieves. Hence, the total head loss 
is the sum of the head losses calculated by the Kozeny equation for successive layers 
based on the weight gradation from a sieve analysis of the filter material. Fair and Hatch 


Table 10.4 U.S. Sieve Series 


SIEVE 

DESIGNATION 

NUMBER 

SIZE OF 
OPENING 
(mm) 

SIEVE 

DESIGNATION 

NUMBER 

SIZE OF 
OPENING 
(mm) 

200 

0.074 

20 

0.84 

140 

0.105 

(18) 

(1.00) 

100 

0.149 

16 

1.19 

70 

0.210 

12 

1.68 

50 

0.297 

8 

2.38 

40 ' 

0.42 

6 

3.36 

30 

0.59 

4 

4.76 
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[24] developed this concept and proposed the following equation for calculating head 
loss through each layer of a clean stratified filter bed: 


I ~ geV" ^ d} 


(10.27) 


where 

k = constant equal to 5.0, dimensionless 
if/ = sphericity of grains, ratio of surface area of equal volume 
spheres to the actual surface area of grains, dimensionless 
Pi = fraction of total weight of filter grains in any layer 
i, dimensionless 

d, = geometric mean diameter of grains in layer i, ft (m) 


Based on tests. Fair and Hatch [24] used a value for of 5.0 as opposed to Kozeny’s J of 
6. The geometric mean grain diameter d, (the square root of the product of the upper 
and lower grain sizes) can be computed from either the upper and lower sieve size of 
any layer i or taken from the gradation curve of a grain size analysis. P, is the percentage 
by weight of filter grains trapped between adjacent sieves. The 6/ip is the same as the 
shape factor S. Values of if/ for filter sand are generally in the range of 0.8-0.7, rounded 
to angular, and for anthracite media from 0.7 to 0.4, angular to jagged. 

Example 10.12 illustrates the application of Eq. (10.27). 


■ EXAMPLE 10.12 Calculate the head loss through a clean sand filter with a gradation 
defined by the sieve analysis given in Table 10.5 at a filtration rate of 2.7 1/m^’S 
(0.0027 m/s). The bed has a depth of 0.70 m with a porosity of 0.45 and the grains of 
sand have a sphericity of 0.75. Assume a water temperature of 10° C. 

Solution: From Table 10.5, the computed value 

X 4 = 2.34 mm-2 = 2.34 X 10^* m'^ 

^ dj 

Appendix Table A.9 gives v at 10°C as 1.306 X 10“® mVs. 


Table 10.5 Sieve Analysis and Computation of Head Loss for Example 10.12 
SIZE OF GEOMETRIC MEAN 

SIEVE OPENING DIAMETER FRACTION ^ 

DESIGNATION S (S, X Sj)”’ OF SAND df 

number (mm) (mm) RETAINED (mm)-* 


12 

1.68 

16 

1.19 

20 

0.84 

30 

0.59 

40 

0.42 

50 

0.297 


.41 

.00 

1.70 

1.50 

1.35 



Total 


1.00 


2.34 
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Substituting into Eq. (10.27), 

h 36 X 5.0 X 1,306 X 10^ mVs X (1 - 0.45)" 0.0027 m/s X 2.34 X IQ-^ m-z 
7 ~ 9.807 m/s2 (0.45)3 (0.75)2 

= 0.89 m/m 

head loss through filter = 0.70 m X 0.89 m/m = 0.62 m. ■ 

10.22 Backwashing and Media Fluidization 

Filtration can be stopped because of a low rate of filtration, passage of excess turbidity 
through the bed, or “air binding.” As head loss increases across the bed, the lower 
portion of the filter is under a partial vacuum (Fig. 10.34). This negative head permits 
the release of dissolved gases, which tend to fill the pores of the filter, causing air bind¬ 
ing and reducing the rate of filtration. 

Under average operating conditions, granular-media filters are backwashed about 
once in 24 hr at a rate of about 15 gpm/ft^ (TO l/m^'s) for a period of 5-10 min. Initial 
filtered water may be wasted for 3-5 min, A bed is out of operation for 10-15 min to 
complete the cleaning process. The amount of water used in backwashing varies from 
2% to 4% of the filtered water. During backwashing the bed of filter media is expanded 
hydraulically about 50%, and the released impurities are conveyed in the wash water to 
the wash troughs. 

Problems in backwashing of dual-media filters can result if the cleaning action is 
limited to wash-water fluidization. Nonuniform expansion and poor scouring can result 
in mud balls dropping through the coarser coal media and lodging on top of the sand layer. 
The common methods of cleaning dual-media filters use either air scouring or air-and- 
water scouring prior to water backwash. For separate air scouring, the water level is low¬ 
ered below the wash-water troughs to near the surface of the media and only air is intro¬ 
duced to mix and scour the media. Wash water is then used to fluidize the bed and purge 
contaminants. For air-and-water scouring, the wash cycle also begins by draining off the 
water above the filter. After backwash flow has started, at about one-quarter of the fluidiz¬ 
ing rate, air is supplied and the simultaneous flow of air and water scours the bed as the 
wash-water level rises in the filter box. When the water surface approaches the bottom of 
the wash troughs, air injection is terminated and the backwash rate increases to the desired 
fluidization velocity to carry the impurities out of the expanded bed. 

The granular media are thoroughly mixed in the agitated, turbulent flow of an ex¬ 
panded bed during backwashing. When the upward flow of wash water is stopped, the 
suspended grains settle down to form a stratified bed with the finest grains of each 
medium on top. In a mixed-media bed the medium of lowest density settles on top, that 
is, the anthracite layer above the sand bed. 

Fluidization 

Fluidization is defined as upward flow through a granular bed at sufficient velocity to 
suspend the grains in the water. During the process of fluidization, the upward flow 
overcomes the gravitational force on the grains, and the energy loss is due to fluid mo¬ 
tion. The viscous energy loss is proportional to the velocity of flow, and the kinetic 
energy loss is proportional to the square of the velocity. 
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Figure 10.38 Characteristics of a fiuidized bed of 
granuiar media. Soiid curves: reai bed; dashed iines: 
ideai bed. [From J. L. Cieasby and K. Fan, “Predicting 
Fiuidization and Expansion of Fiiter Media," J. Env. Eng. 

Div.. Proc. Am. Soc. CivilEngrs. 107 (EES) (1981): 459.) 

The pressure loss through a fixed bed is a linear function of flow rate at low super¬ 
ficial velocities when flow is laminar. (The superficial velocity is the quantity of flow 
divided by the cross-sectional area of the filter.) As the flow rate increases further, the 
resistance of the grains to wash-water flow increases until this resistance equals the 
gravitational force and the grains are suspended in the water. Any further increase in 
upward velocity results in additional expansion of the bed while maintaining a constant 
pressure drop equal to the buoyant weight of the media. The cheiracteristics of an ideal 
fluidized bed and departures from that behavior because of real conditions are shown in 
Fig. 10.38 [25]. 

The frictional drag of grains suspended in upward flowing water is counterbalanced 
exactly by the pull of gravity. Therefore, the pressure drop after fluidization is equal to 
the buoyant weight of the grains, which can be calculated as 

Ap = hpg = - p)g{l - e) (10.28) 

where 

Ap = pressure drop after fluidization, lb (N) 
h = head loss (as a water column height), ft (m) 

I = height of expanded bed, ft (m) 
p = mass density of wash water, Ib’sVft'' (kg/m^) 
ps - mass density of solid grains, Ib'sVft'* (kg/m^) 
e = porosity of expanded bed, dimensionless 
g = acceleration of gravity, ft/s^ (m/s^) 

Since the quantity of filter medium remains the same whether the bed is stationary or 
fluidized, the volume of grains initially can be equated to the volume of grains after 
expansion. 

/(I - e) = /o(l - eo) (10.29) 

where 

/o = height of stationary bed 
eo = porosity of stationary bed 
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Minimum Fiuidizing Velocity 

The superficial water velocity required for the onset of fluidization is defined by point B 
in Fig. 10.38 for an ideal bed composed of unisized spherical particles. For a graded 
bed, the minimum fluidizing velocity is not the same for all the grains. Therefore, the 
change from a stationary to an expanded bed occurs gradually, with complete fluidiza¬ 
tion at a higher superficial velocity indicated by point C Further increase in flow causes 
the concentration of particles to decrease and the porosity to approach 1. Ideally, the 
superficial velocity equals the unhindered terminal settling velocity of a single particle. 
It can be measured by experimentation in a laboratory using a filter column. At gradu¬ 
ally increasing superficial velocities, head losses through the expanding bed are mea¬ 
sured and plotted in a form similar to Fig. 10.38. The minimum fluidizing velocity is at 
the point where the curve becomes horizontal and subsequent head loss measurements 
remain constant. 

The minimum fluidizing velocity can also be calculated from relationships substan¬ 
tiated by experimental observations. One rational approach equates the head loss deter¬ 
mined by the Ergun equation [25, 26] to the head loss using Eq. (10.28) at the point of 
incipient fluidization. For nonspherical particles, Wen and Yu [27] modified this rela¬ 
tionship to account for sphericity and stationary bed porosity. The following equations 
resulted; 


Rcmf = [(33.7)2 + 0.0408Ga]o5 - 33.7 

(10.30) 

RC ~ 

(10.31) 

~ P)g 

p} 

(10.32) 


where 

RCmf = Reynolds number, dimensionless 
Ga = Galileo number, dimensionless 
^eq~ grain diameter of a sphere of equal volume, ft (m) 

~ minimum fluidizing velocity (superficial velocity at the point 
of minimum fluidization), ft/s (m/s) 
fi = absolute (dynamic) viscosity of water, Ib-s/ft^ (kg/m-s) 
p = mass density of water, Ib-sVft^ (kg/m^) 

Ps = mass density of grains, Ib-sVft'* (kg/m^) 

In a bed with a gradation in size of the grains, a coarser particle diameter is used to 
calculate V,,,f to ensure fluidizing of the entire bed. Cleasby [25] recommends substitut¬ 
ing dgo sieve size (90% of the grains by weight are smaller) in Eqs. (10.31) and (10.32); 
the value for c/jq is often not conveniently available. Furthermore, to allow free move¬ 
ment of these coarse grains during backwashing, a 30% margin of safety is recom¬ 
mended so that the minimum backwash rate becomes 1.3y„,f [25]. 

This procedure is adequate for selecting the minimum backwash rate for a single¬ 
medium filter. For a dual-media bed, the minimum fluidizing velocity for the mixed 
interfacial region between the two adjacent media may be somewhat lower than the 
fluidizing velocity of the coarser grains of the upper layer at the interface. 
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Expansion of a Fluidized Bed 

Calculation of bed expansion relies on selecting the best estimates for sphericity and 
stationary-bed porosity. For irregular shapes, indirect laboratory methods are required 
to determine these parameters. A technique based on the hydrodynamic behavior of the 
grains, proposed by Briggs et al. [28], is the dynamic shape factor defined from one of 
the following equations; 


or 


where 

DSF 

V. 

v„ 


a, b 


DSF = 



(10.33) 


DSF = a 




(10.34) 


dynamic shape factor 

unhindered terminal settling velocity of the grains as measured 
for a representative sample of grains, ft/s (m/s) 
unhindered terminal settling velocity of equivalent volume 
spherical grains calculated as follows with a Cp value 
from Fig. 10.39, ft/s (m/s) 

4g(p,- p)d 
3CoP 

constants depending on Reynolds number of the spherically 
equivalent grains: a and b are selected such thatu + b = \ 
and bla is the Reynolds number 



1 10 10 ^ 10 ^ 10 ^ 10 * 10 * 
Re 

Figure 10.39 Drag coefficient Cp for a sphere versus Reynolds number Re. 
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An empirical expansion correlation for uniform beds of spherical particles, includ¬ 
ing a broad range of Reynolds numbers ranging from laminar to turbulent flow, was 
developed by Richardson and Zaki [29]. From laboratory fluidization experiments, they 
found that the logarithm of superficial velocity versus the logarithm of porosity graphed 
as a straight line, as shown in Fig. 10.40. The mathematical expression for this re¬ 
lationship is 


where 



(10.36) 


V = superficial velocity of water above the bed 
V, = intercept velocity at a porosity of 1 (a log porosity of zero) 
e == porosity of the expanded bed at V 
n = slope of log V versus log e plot (Fig. 10.40) 


The slope n is a characteristic value for grains of a particular size, shape, and density, 
Cleasby [25] developed empirical relationships for media with irregularly shaped 
grains by incorporating DSF in the determination of n for Eq. (10.36). This was accom¬ 
plished using experimental data from fluidization of sand and anthracite beds of known 
physical properties. The following expression was solved for the exponent a to satisfy 
the expression for each size medium: 


U (actual) ^ (spherical) 


DSF“ 


(10.37) 


A two-variable correlation of a against DSF and Reo yielded the desired form for a: 

a = -2.2715(DSF)°«°Reo-°^‘ (10-38) 


Thus, the resulting equations for the expansion coefficients are 


n = 


4.45 + 18- 
D 


Reo (DSF) “ 


(10.39) 



Logarithm of bed porosity e 

Figure 10.40 Relationship between 
superficial velocity and porosity for 
fluidization of an ideal bed of 
spherical particles developed by 
Richardson and Zaki [29]. 
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for Roo data from 15 to 200, and 

« = 4.45Re o-“' (DSF) “ (10.40) 

for Rco data from 200 to 503, where 

Rco = Reynolds number based on unhindered terminal settling velocity V, of grains 

Values of n calculated using these formulas agreed closely with actual measured values 
of n at temperatures of both 25® C and 40° C. In these equations, the expansion slope n 
is related to Rco, since V, can be determined in a simple settling column and is measured 
in determining DSF. During fluidization experiments, the intercept velocities V, when 
log c = 0 can be determined by extrapolation. Values of V, are different from the V, 
values in experiments with angular particles. The relation of Vi/V^ to DSF determined 
from experimental data is 

^ = 0.90(DSF)-°-2^' (10.41) 

Predicting expansion of a graded filter bed is possible if a sieve analysis is available. 
The technique involves dividing the material represented by the sieve analysis curve into 
several segments and applying the equation to determine the expanded depth of each 
segment at a particular flow rate. The total expanded depth is then the sum of the depths 
of equal segments, which are usually taken as five equal portions of 20% by weight. The 
middle size in each segment is used for the diameter term in the equation. 


■ EXAMPLE 10.13 Calculate the recommended minimum backwash rate for a sand 
filter with a dgo sieve opening equal to 1.00 mm (0.001 m). This grain diameter desig¬ 
nation means that 90% of the filter sand by weight passed through a U.S. sieve number 
18, which has an opening size of 1.00 mm. The water temperature is 25° C and the 
density of the sand is 2.65 g/cm-^ (2650 kg/m-'’). 

Solution: Calculation of the Reynolds number using dgo in Eq. (10.31); 


Re,.f = 


0.001 m X V,,, X 997 kg/m' 
0.890 X 10“^kg/m*s 


= 1120Vmf m/s 


Values for p and p. are for water at 25° C taken from Table A.9 in the appendix. 
Computation of the Galileo number using Eq. (10.32): 

^ (0.001 m)-^ X 997 kg/m-'' X [(2650 - 997) kg/m^] X 9.81 m/s" 

^ (0.890 X 10-3 kg/m-s)3 “ * 

Substituting Re^f and Ga into Eq. (10.30) and solving for yields 

1120V,^f = {[(33.7)2 + 0.0408 X 20,400]«>^ - 33.7} m/s 


Vmf = 0.0095 m/s = 9.5 mm/s = 9.5 l/m^-s = 14 gpm/fF 

With addition of a 30% margin of safety, the recommended backwash rate is 1.3 X 
9.5 = 12 l/m^-s =18 gpm/fF. ■ 
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10.23 Pressure Filters 

Pressure filters have the granular media and underdrains contained in a steel tank, as 
illustrated in Fig. 10.41. Water is pumped through the filter under pressure, and the 
media are washed by reversing flow through the bed, flushing out the impurities. Filtra¬ 
tion rates are comparable to gravity filters; however, the maximum head loss can be 
significantly greater since it is a function of the input pump pressure rather than static 
water levels. Pressure filters are commonly installed in small municipal softening and 
iron-removal plants, in industrial water treatment processes, and for tertiary filtration of 
effluent from small wastewater plants. 


Problems 

10.1. A venturi meter with a throat diameter of 6.0 in. shows a pressure differential of 
128 in. of water. Calculate the water flow, using a discharge coefficient of 0.93. 

10.2. Calculate the upper head in a Parshall flume with a throat width of 1.5 ft for a 
flow of 5.56 cfs. 

10.3. The recommended minimum and maximum measurements for a Parshall flume 
have been experimentally determined. For a throat width of 1.5 ft, the minimum 
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head is 0.10 ft and the maximum is 2.5 ft. Calculate the flow rates for these 
heads, 

10.4. A wastewater bar screen is constructed with 0.25-in.-wide bars spaced 2 in. apart 
center to center. If the approach velocity in the channel is 2.0 fps, what is the 
velocity through the screen openings? 

10.5. Calculate points and sketch ideal output tracer curves (concentration versus nor¬ 
malized time) for a pulse tracer input for (a) a single completely anixed reactor 
and (b) a series of four equal-sized completely mixed reactors. 

10.6. Dispersed plug flow through a baffled tank was analyzed by injecting a pulse of 
dye tracer into the influent and measuring the tracer concentrations in the efflu¬ 
ent at time intervals of every 2 min after injection. The results are listed below. 
Sketch the tracer distribution curve by plotting C (mg/I) versus t (min) and 
locate the centroid. Calculate the dispersion number DIuL. By comparing this 
calculated value to those given in Fig. 10.10, how is this amount of dispersion 
described? 


t 

C 

t 

c 

t 

C 

t 

C 

0 

0.00 

6 

0.10 

12 

0.40 

18 

0.05 

2 

0.00 

8 

0.35 

14 

0.22 

20 

0.00 

4 

0.00 

10 

0.65 

16 

0.11 




10.7. Dispersed plug flow through a compartmented aeration tank was analyzed by 
injecting a pulse of lithium chloride tracer in the influent. From the time and 
output concentration data listed, plot C (kg/m^) versus t (min), the tracer re¬ 
sponse curve. Calculate the location of the centroid of the distribution 7, variance 
of the curve ar^, normalized variance al, and the reactor dispersion number Dl 
uL 


t 

C 

t 

C 

t 

C 

t 

C 

0 

0 

105 

89.0 

210 

33.5 

315 

6.0 

15 

0 

120 

95.0 

225 

25.8 

330 

4.6 

30 

0 

135 

88.0 

240 

20.0 

345 

3.5 

45 

3.5 

150 

78.2 

255 

15.4 

360 

2.6 

60 

16.5 

165 

65.0 

270 

12.1 

375 

1.7 

75 

46.5 

180 

55.2 

285 

9.5 

390 

0.7 

90 

72.0 

195 

43.0 

300 

7.5 

405 

0 


10.8. The residence time distribution of a cross-baffled serpentine chlorination tank 
was determined by injecting a pulse of 200 g of dissolved rhodamine dye into 
the influent. The tank is 9.4 m long and 6.7 m wide, with a longitudinal wall in 
the center. Each side has three baffle walls extending 2.5 m in from the outside 
wall and two extending in from the center wall to direct the serpentine flow 
pattern. The wastewater effluent enters through a channel near the top of the tank 
and discharges over an outlet weir. At the operating water depth of 2.55 m, the 
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liquid volume is 137 (excluding the volume occupied by the concrete walls). 
The test was conducted at the peak hourly flow rate of 10,100 mVd. Effluent 
sampling times in minutes after injecting the dye and corresponding dye concen¬ 
trations are listed below. The dye concentrations were determined by measuring 
absorbance with a spectrophotometer at a wavelength of 550 /tm. From these 
data, plot the tracer response curve C (mg/1) versus t (min). Calculate and locate 
the mean residence time I and the theoretical mean residence time Calculate 
the reactor dispersion number DluL In order to normalize the concentration test 
data, the value of Co must be determined. A portion of the dye adsorbed onto 
the walls of the tank and became trapped in stagnant water in the corners and 
near the bottom at the inlet and outlet. Therefore, Co must be based on the cal¬ 
culated quantity of dye recovered in the effluent rather than on the amount in¬ 
jected. To estimate the milligrams of dye discharged, determine the area under 
the C-versus-r tracer response curve in milligramsTtiinutes/liter and multiply 
this value by the flow rate in liters/minute. The Co value is this amount of dye 
divided by the volume of water in the tank, which is equal to 137 m^ Calculate 
the normalized value of the centroid T/t^ and the peak normalized concentration 

Cpeak/Co* 


t 

C 

t 

C 

t 

C 

t 

C 

0 

0.00 

10 

0.97 

19 

0.92 

40 

0.08 

2 

0.00 

11 

1.01 

20 

0.83 

44 

0.06 

3 

0.00 

12 

1.08 

22 

0.72 

48 

0.04 

4 

0.00 

13 

1.12 

24 

0.60 

52 

0.06 

5 

0.00 

14 

1.15 

26 

0.49 

56 

0.00 

6 

0.04 

15 

1.17 

28 

0.42 

60 

0.00 

7 

0.45 

16 

1.06 

30 

0.33 

64 

0.00 

8 

0.67 

17 

1.06 

32 

0.22 

68 

0.00 

9 

0.83 

18 

0.92 

36 

0.11 




10.9. A flocculation basin equipped with revolving paddles is 60 ft long (the direction 
of flow), 45 ft wide, and 14 ft deep and treats 10 mgd. The power input to provide 
paddle-blade velocities of 1.0 and 1.4 fps for the inner and outer blades, respec¬ 
tively, is 930 ft’lb/s. Calculate the detention time, horizontal flow-through ve¬ 
locity, and G (the mean velocity gradient) for a water temperature of 50'’ F. 

10.10. A surface water treatment plant is being designed to process 50 mgd. The pre¬ 
liminary size of the flocculation tank is 96.0 ft long, with a series of 6 baffled 
compartments to create an over-under flow pattern. The tank width is 96.0 ft, 
and the water depth is 14.5 ft. Each of the six compartments has a horizontal 
shaft supporting six paddle flocculators with four arms on which to attach 
blades; the total number of units in the tank is 36. Up to five blades, each 15 ft 
by 0.5 ft, can be attached on each arm at radii of 6.5 ft, 5.5 ft, 4.5 ft, 3.5 ft, and 
2.5 ft from the centerline of the shaft to the center of the blades. The maximum 
rotation of the flocculators, driven by variable-speed drives, can provide a ve¬ 
locity of 2.5 fps at a radius of 6.5 ft (center of the outer blade). What is the 
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mi n im um number of blades needed on the flocculators for a velocity gradient of 
60 fys/ft? Assume a ratio of water velocity to paddle velocity of 0.3, Cj equal to 
1.8, and a water temperature of 50° F. 

10.11. The settling velocity of alum floe is approximately 0.0014 fps in water at 10° C. 
Calculate the equivalent overflow rate in gpd/ft^. What is the minimum detention 
time in hours to settle out alum floe in an ideal basin with a depth of 10 ft? 

10.12. The data from a settling-column analysis of a dilute suspension of flocculating 
solids are listed below. Plot the removal percentages at the corresponding coor¬ 
dinates of depth and time. Sketch lines representing 15%, 30%, 45%, 60%, and 
75% removals through the data. Estimate the overall removal for a settling tank 
6.0 ft deep with an overflow rate of 6.0/5.0 fpm. 


t 

(min) 

Percentage removal 

(2.0 ft) 

(4.0 ft) 

(6.0 ft) 

10 

20 

15 

13 

20 

36 

30 

27 

30 

50 

39 

37 

40 

58 

50 

45 

60 

71 

60 

55 

80 

75 

67 

62 


10.13. The settlement of flocculent particles after coagulation of a surface water was de¬ 
termined by a settling column test. The procedure was as described in Section 

10.13. Plot the data listed below and sketch lines representing 50%, 60%, and 
70% removals. For a depth of 4.0 m, estimate the overall removal for a settling 
time of 120 min. If the calculated percentage of removal (nearly 70%) were con¬ 
sidered satisfactory for plant operation, why would the detention (settling) time 
for design be increased to 180 min or more? 


t 

(min) 


Percentage removal 


(1.0 m) 

(2.0 m) 

(3.0 m) 

(4.0 m) 

20 

48 

40 

33 

31 

40 

61 

49 

43 

39 

60 

65 

55 

53 

52 

80 

68 

59 

57 

53 


70 

65 

62 

58 

120 

14 

68 

65 

61 

150 

75 

71 

67 

63 


10.14. The settleability of an activated sludge was tested at several suspended-solids 
concentrations between 3200-21,000 mg/1 (0.0032-0.021 Ib/lb). Data for the 
settling velocities and corresponding solids concentrations are listed below. Plot 
settling velocity versus solids concentration. Calculate Gg values and then plot 
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the gravitational flux (Ib/ftVhr) versus the solids concentration (Ib/lb). Deter¬ 
mine the design criteria of maximum allowable solids loading and maxim u m 
allowable overflow rate for an underflow solids concentration of 0.015 Ib/lb 
(1.5%) and an activated-sludge feed concentration of 0.0040 Ib/lb (4000 mg/1). 


V 

(ft/hr) 

Q 


V 

(ft/hr) 

Q 


(Ib/lb) 

(pcf) 

(Ib/lb) 

(pcf) 

9.2 

0.0032 


1.1 



5.2 

0.0053 

I!k W 




3.4 

0.0062 

0.39 

0.30 


1.0 


0.0080 

0.50 

0.17 

■wSiM 

1.3 


10.15. Two rectangular clarifiers, each 30 ft long, 15 ft wide, and 10 ft deep, settle 
0.40 mgd following alum coagulation. The effluent channels have a total weir 
length of 60 ft. Calculate the detention time, horizontal velocity of flow, and rate 
of flow over the outlet weir. Do these values meet the Recommended Standards 
for Water Works given in Section 10.15? 

10.16, Lime precipitation of raw wastewater may be practiced for removal of phospho¬ 
rus. Circular primary clarifiers with aerated flocculation wells as illustrated in 
Fig. 10.42 were instiled at a wastewater treatment plant for phosphorus precipi¬ 
tation and enhanced suspended-solids removal. The maximum hourly flow rate 
for each tank was 1.1 mgd. The lime dosage of 300 mg/1 of CaO in a slurry was 
applied to the influent prior to entering the flocculation well. For this peak hy¬ 
draulic loading, calculate the detention time based on the entire tank volume, 
flocculation time based on the volume of the flocculation well, overflow rate, 
and weir loading. Compare these values to the Recommended Standards for 
flocculator-clarifiers given in Section 10.15. 

The performance of the clarifiers was very poor. The overflow was con¬ 
tinuously milky, carrying out approximately one-third of the applied lime. Sub¬ 
sequent recarbonation was not adequate to neutralize the pH below the range of 
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Figure 10.42 Illustration for Prob. 10.16. A circular primary clarifier with an 
aerated flocculation well that receives the wastewater after the addition of lime 
in a rapid-mix tank. The key dimensions are diameter of the tank 40 ft, 
diameter of the flocculation well 20 ft, side-water depth 10 ft, and 
submergence of flocculation well 6.0 ft. 
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8 .5-9.5; consequently, calcium carbonate precipitated in the following equaliza¬ 
tion tank and RBC tanks. The sludge production was significantly less than the 
anticipated quantity. Why was the operation of the clarifiers unsatisfactory? 
(Read the discussion of flocculator-clarifiers and examine Fig. 10.23.) 

10.17. A wastewater treatment plant has two primary clarifiers, each 20 m in diameter 
with a 2-m side-water depth. The effluent weirs are inboard channels set on a 
diameter of 18 m. For a flow of 12,900 mVd, calculate the overflow rate, deten¬ 
tion time, and weir loading. 

10.18. Calculate the diameter and depth of a circular sedimentation basin for a design 
flow of 3800 m^/d based on an overflow rate of 0.00024 m/s and a detention time 
of 3 hr. 

10.19. A rectangular sedimentation basin is to be designed for a flow of 1.0 mgd using 
a 2:1 length/width ratio, an overflow rate of 0.00077 fps, and a detention time 
of 3.0 hr. What are the dimensions of the basin? 

10 .20. A wastewater treatment plant has two rectangular primary settling tanks, each 
40 ft long, 12 ft wide, and 7 ft deep. The effluent weir length in each tank is 
45 ft. The average daily wastewater flow is 387,000 gal. Calculate the overflow 
rate and effluent weir loading. What is the estimated BOD removal? 

10.21. List the recommended design criteria for final clarifiers for an activated-sludge 
process with a design capacity of 20 mgd. Assuming four identical circular clari¬ 
fiers, calculate the surface area, diameter, side-water depth, detention time, and 
weir loading based on an inboard weir channel. If the flow into each tank is 
6.5 mgd (5.0 mgd plus 30% recirculation flow) and the suspended-sOlids con¬ 
centration equals 2500 mg/1, calculate the solids loading. Is this solids loading 
satisfactory? 

10.22. An aerated clarifier-type unit for grit removal and preaeration is 12 ft square with 
an 8-ft liquid depth. The wastewater flow is 0.80 mgd with an estimated grit 
volume of 3 ftVmil gal. A separate hopper-bottomed grit storage tank has a us¬ 
able volume of 3 yd\ Compute the detention time in the aerated unit and the 
estimated length of time required to fill the storage tank with grit. 

10.23. Why must granular-media filtration in water treatment be preceded by chemical 
coagulation? 

10.24. What are the limitations in applying direct filtration in water processing? 

10.25. What is the major advantage of a dual-media coal-sand filter compared to a con¬ 
ventional sand filter? 

10.26. Of the underdrains discussed, which kinds can use air scouring, air-and-water 
scouring, and no air scouring for filter backwashing? 

10.27. In a gravity filter, how can the head loss gage record a 9-ft loss when the water 
depth above the filter media surface is only 3.5 ft? 

10.28. Refer to Fig. 10.34. Assume the water depth above the surface of the filter media 
IS 4 ft, the filter media is 2 ft deep, and the measured head loss as diagrammed 
in the dirty filter is 8 ft. This traditional flow-control system, by regulating the 
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discharge from the underdrain, was installed at a treatment plant where the influ¬ 
ent was cold water transported in a pipeline from a mountain reservoir at a higher 
elevation. Being delivered under pressure, the influent contained dissolved gases 
released during processing by depressurization and warming of the water. The 
dissolved gases came out of solution under the negative piezometric head in the 
filter media and formed tiny bubbles. This “air binding” (Section 10.22) in¬ 
creased the head loss and, at the start of backwashing, disturbed the underdrain 
media by eruption of the accumulated gas bubbles. A plant expansion is being 
proposed. What change in design of the filtration system would you recommend 
to reduce the problem of air binding? 

10.29. What are the principal similarities and differences between declining-rate filtra¬ 
tion and influent flow-splitting filtration? 

10.30. Calculate the initial head loss through a filter with 18 in. of uniform sand having 
a porosity of 0.42 and a grain diameter of 1.6 X 10 ft. Assume spherical par¬ 
ticles and a water temperature of 50® F. The filtration rate is 2.5 gpm/fF. Use the 
Kozeny equation. 

10.31. Calculate the initial head loss through a dual-media filter consisting of a 0.30-m 
layer of uniform anthracite with a grain diameter of 1.0 mm and a 0.30-m layer of 
uniform sand with a grain diameter of 0.50 mm at a filtration rate of 2.7 1/m^‘S. 
The porosity of both media is 0.42, the shape factor for the anthracite is 7.5, and 
the shape factor for the sand is 6.0. Assume a water temperature of 10® C. 

10.32. Calculate the head loss through a clean sand filter with a gradation as given by 
the sieve analysis below. The filtration rate is 2.7 l/m^*s, and the water tempera¬ 
ture is 10° C. The filter depth is 0.70 m with a porosity of 0.45, and the sand 
grains have a sphericity of 0.75. 

Sieve designation number _ 12 16 20 30 40 50 

Fraction of sand retained 0 0.05 0.22 0.51 0.20 0.02' 

10.33. Calculate the recommended minimum backwash rate for a sand filter with a dgo 
sieve opening equal to 0.84 mm. (Ninety percent of the filter sand by weight 
passed through a sieve number 20.) The water temperature is 10° C and the den¬ 
sity of the sand is 2650 kg/m^ 

10.34. A dual-media filter consists of a 0.50-m layer of anthracite and 0.30-m layer of 
sand. The anthracite medium has a specific gravity of 1.67, porosity of 0.50, and 
a dgo grain size of 1.50 mm. The sand medium has a specific gravity of 2.65, a 
porosity of 0.40, and a cfgo grain size of 0.90 mm. (a) Calculate the recommended 
minimum backwash rate for the filter, (b) Calculate the pressure drop through 
the filter during fluidization. 
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Chemical Treatment 
Processes 


Prologue 

The purpose of this chapter is to; 

■ Review the basic concepts of the chemistry involved in chemical 
treatment processes 

■ Discuss types of chemical processes and their roles within treatment 
systems 


Chemical processes are the most important unit operations in treatment of drinking wa¬ 
ter supplies. Surface waters require chemical coagulation to remove turbidity, color, and 
taste- and odor-producing compounds. In well water treatment, hardness can be reduced 
by lime-soda ash softening and iron and manganese removed by chemical oxidation. 
Distillation and reverse osmosis are employed to convert saltwater and brackish ground- 
water to fresh water. To meet chemical drinking water standards, organic compounds 
can be removed by activated-carbon adsorption. Other chemical processes as health 
benefits are fluoridation and corrosion control to reduce the dissolution of lead into 
drinking water. 

Selected chemical processes also are applied in wastewater treatment, water recla¬ 
mation, and conditioning of waste sludges. Chlorine disinfection of both drinking water 
and wastewater effluents is a major common chemical treatment. In water reclamation, 
wastewater can be clarified by chemical coagulation or lime precipitation. Polymers are 
commonly applied to wastewater sludges to allow release of water during thickening 
and dewatering. As a review of principles related to chemical treatment processes, the 
first section of this chapter discusses chemical considerations. 


CHEMrCAL CONSIDERATIONS 

The purpose of these initial sections is to refresh students on selected fundamental con- 
cepts, including definitions, compounds, units of expression, the bicarbonate-carbonate 
system, chemical equilibria, and process kinetics. Basic chemistry is also presented as 
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introductory material for each specific unit process discussed in the chapter. These brief 
comments are not intended to replace formal chemistry courses prerequisite to sanitary 
engineering. 


11.1 Inorganic Chemicals and Compounds 
Definitions 

Chemical elements and their atomic weights are given in Table A.7 in the Appendix. 
Atomic weight is the weight of an element relative to that of carbon-12, which has an 
atomic weight of 12. Valence is the combining power of an element relative to that of 
the hydrogen atom, with an assigned value of 1. Thus, an element with a valence of 2+ 
can replace two hydrogen atoms in a compound or, in the case of a 2— valence, can 
react with two hydrogen atoms. Equivalent or combining weight of an element is equal 
to its atomic weight divided by the valence. For example, the equivalent weight of cal¬ 
cium (Ca^+) equals 40.0 g divided by 2, or 20.0 g. 

The molecular weight of a compound equals the sum of the weights of the combin¬ 
ing elements and is conventionally expressed in grams. Equivalent weight is the mo¬ 
lecular weight divided by the number of positive or negative electrical charges resulting 
from dissolution of the compound. Consider sulfuric acid, with a molecular weight of 

98.1 g. Ionization releases two ions and one S 04 ^“ radical; therefore, the equivalent 
weight of sulfuric acid is 98.1 divided by 2, or 49.0 g. 


Chemicals Applied in Treatment 

The common inorganic compounds used in water and wastewater processing are listed in 
Table 11.1. Given are the name, formula, common usage, molecular weight, and equiva¬ 
lent weight when appropriate. Common names and purity of commercial-grade chemi¬ 
cals are presented in the sections dealing with specific chemical treatment processes. 


Units of Expression 

The concentration of ions or chemicals in solution is normally expressed as weight of 
the element or compound in milligrams per liter of water, abbreviated as mg/I. Occa¬ 
sionally, the term parts per million (ppm) is used rather than mg/1. These are identical 
in meaning, since 1 mg/1,000,000 ml is essentially the same as 1 part by weight to 
1 million parts for low concentrations. Chemical dosages may be expressed in units of 
pounds per million gallons or rarely as grains per gallon. To convert milligrams per liter 
to pounds per million gallons, multiply by 8.34, which is the weight of 1 gal of water. 
In other words. 


1-0 = 8-34 Ib/mil gal 

^ 1,000,000 gal ® 

One pound contains 7000 grains, and 1.0 grain per gallon (gpg) equals 17.1 mg/I. 



Table 11.1 Common Chemicals in Water and Wastewater Processing 
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Elemental concentrations expressed in units of mg/1 can usually be interpreted to 
mean that the solution contains the stated number of milligrams of that particular ele¬ 
ment. For example, a water containing 1.0 mg/1 of fluoride means that there is 1.0 mg 
of F ion by weight per liter. However, in some cases, the concentration given in milli¬ 
grams of weight does not relate to the specific element whose concentration is being 
expressed. For example, hardness, which is a measure of the calcium ion and magne¬ 
sium ion content of a water, is given in weight units of calcium carbonate. This facilitates 
treating hardness as a single value rather than two concentrations expressed in different 
weight units, one for Ca^"^ and the other for Mg^+. The alkalinity of a water may consist 
of one or more of the following ionic forms; OH", COa^", and HCO3". For commonality, 
the concentrations of these various radicals are given in mg/1 as CaCOj . According to 
Standard Methods [1], all nitrogen compounds—ammonia, nitrate, and organic nitro¬ 
gen—are expressed in units of mg/1 as nitrogen and phosphates are given in mg/1 as 
phosphorus. 

The term milliequivalents per liter (meq/1) expresses the concentration of a dis¬ 
solved substance in terms of its combining weight. Milliequivalents are calculated from 
milligrams per liter for elemental ions by Eq. (11.1) and for radicals or compounds by 
Eq. (11.2): 


meq/1 

meq/1 


mg/1 X 
mg/1 X 


valence 

mg/1 

(11.1) 

atomic weight 

equivalent weight 

electrical charge 

mg/1 

(11.2) 

molecular weight 

equivalent weight 


Milliequivalents-per-Liter Bar Graph 

Results of a water analysis are normally expressed in milligrams per liter and reported 
in tabular form. For better visualization of the chemical composition, these data can be 
expressed in milliequivalents per liter to permit graphical presentation, as illustrated in 
Fig. 11.1. The top row of the bar graph consists of major cations arranged in the order 
of calcium, magnesium, sodium, and potassium. Anions in the bottom' rdw are aligned 
in the sequence of carbonate (if present), bicarbonate, sulfate, and chloride. The sum of 
the positive milliequivalents per liter must equal the sum of the negative values for a 


0 2 . 0 c 2.82 3.33 



Figure 11.1 Milliequivalents-per-liter bar graph for water analysis. 
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water in equilibrium. Hypothetical combinations of positive and negative ions can be 
written from a bar graph. These combinations are useful in evaluating a water for lime- 
soda ash softening. 

Table 11.2 lists basic data for selected elements, radicals, and compounds. Included 
are equivalent weights for calculating milliequivalents per liter for use in bar graph pre¬ 
sentations and chemical equations. 

■ EXAMPLE 11.1 The results of a water analysis are; calcium 40.0 mg/1, magnesium 
10.0 mg/1, sodium 11.7 mg/1, potassium 7.0 mg/1, bicarbonate 110 mg/1, sulfate 
67.2 mg/1, and chloride 11.0 mg/1. Draw a milliequivalents-per-liter bar graph and list 
the hypothetical combinations. Express the hardness and alkalinity in units of mg/1 as 
CaCOj. 


Table 11.2 Data on Selected Elements, Radicals, and Compounds 


NAME 

SYMBOL 

OR 

FORMULA 

ATOMIC OR 
MOLECULAR 
WEIGHT 

EQUIVALENT 

WEIGHT 

Aluminum 

AP+ 

27.0 

9.0 

Calcium 

Ca^- 

40.1 

20.0 

Carbon 

C 

12.0 


Hydrogen 

H^ 

1.0 

1.0 

Magnesium 

Mg--" 

24.3 

12.2 

Manganese 

Mn 2 + 

54.9 

27.5 

Nitrogen 

N 

14.0 


Oxygen 

0 

16.0 


Phosphorus 

P 

31.0 


Sodium 

Na+ 

23.0 

23.0 

Ammonium 

NH^^ 

18.0 

18.0 

Bicarbonate 

HCO 3 - 

61.0 

61.0 

Carbonate 

CO,'- 

60.0 

30.0 

Hydroxyl 

OH- 

17.0 

17.0 

Hypochlorite 

oci- 

51.5 

51.5 

Nitrate 

NO3- 

62.0 

62.0 

Orthophosphate 

PO4'- 

95.0 

31.7 

Sulfate 

SO4-- 

96.0 

48.0 

Aluminum hydroxide 

A1(0H)3 

78.0 

26.0 

Calcium bicarbonate 

Ca(HC03)2 

162 

81.0 

Calcium carbonate 

CaCOj 

100 

50.0 

Calcium sulfate 

CaS 04 

136 

68.0 

Carbon dioxide 

CO, 

44.0 

22.0 

Ferric hydroxide 

Fe(OH )3 

107 

35.6 

Hydrochloric acid 

HCl 

36.5 

36.5 

Magnesium carbonate 

MgCOa 

84.3 

42.1 

Magnesium hydroxide 

Mg(OH)a 

58.3 

29.1 

Magnesium sulfate 

MgS04 

120 

60.1 

Sodium sulfate 

Na 2 S 04 

142 

71.0 
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Table 11.3 Water Analysis Data for Example 11.1 


COMPONENT 

mg /1 

EQUIVALENT 

WEIGHT 

meq /1 


40.0 

20.0 

2.00 

Mg’+ 

10.0 

12.2 

0.82 

Na"" 

11.7 

23.0 

0.51 

K+ 

7.0 

39.1 

0.18 

Total cations = 3.51 

HCO'- 

110 

61.0 

1.80 

SO 4 ’- 

67.2 

48.0 

1.40 

Cl- 

11.0 

35.5 

0.31 

Total anions = 3.51 


Solution: Using Eqs. (11.1) and (11.2), we have the data in Table 11,3. From the bar 
graph of these data in Fig. 11.1, the hypothetical chemical combinations are 

1.80 meq/1 of CaCHCOjla 0.38 meq/1 of Na 2 S 04 

0.20 meq/1 of CaS 04 0.13 meq/1 of NaCl 

0.82 meq/1 of MgS 04 0.18 meq/1 of KCl 

Hardness is the sum of the Ca^+ and Mg^'^ concentrations expressed in mg/1 as 
CaCOj, and alkalinity equals the bicarbonate content. Thus, 

. , - nig/1 of CaCO, 

hardness = 2.82 meq/1 X 50—^:- - =141 mg/1 

meq/1 

alkalinity = 1.80 X 50 = 90 mg/1 ■ 


11.2 Hydrogen Ion Concentration 

The hydrogen ion activity (i.e., intensity of the acid or alkaline condition of a solution) 
is expressed by the term pH, which is defined as 

pH = log^ (11.3) 

Water dissociates to only a slight degree, yielding hydrogen ions equal to 10“’ mole/1; 

thus pure water has a pH of 7. It is also neutral since 10“’ mole/1 of hydroxyl ion is 

produced simultaneously: 

H 2 O ^ H+ + OH- (11.4) 

When an acid is added to water, the hydrogen ion concentration increases, resulting 
in a lower pH value. Addition of an alkali reduces the number of free hydrogen ions, 
causing an increase in pH, because OH” ions unite with H+ ions. The pH scale is acidic 
from 0 to 7 and basic from 7 to 14. 
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The chemical equilibrium of water can be shifted by changing the hydrogen ion 
activity in solution. Thus pH adjustment is used to optimize coagulation, softening, and 
disinfection reactions, and for corrosion control. In wastewater treatment, pH must be 
maintained in a range favorable for biological activity. 


11.3 Alkalinity and pH Relationships 

Alkalinity is a measure of water’s capacity to absorb hydrogen ions without significant 
pH change (i.e., to neutralize acids). It is determined in the laboratory by titrating a 
water sample with a standardized sulfuric acid solution. The three chemical forms that 
contribute to alkalinity are bicarbonates, carbonates, and hydroxides that originate from 
the salts of weak acids and strong bases. Bicarbonates represent the major form since 
they originate naturally from reactions of carbon dioxide in water. 

Below pH 4.5, dissolved carbon dioxide is in equilibrium with carbonic acid 
in solution; thus no alkalinity exists. Between pH 4.5 and 8.3, the balance shown in 
Eq. (11.5) shifts to the right, reducing the CO 2 and creating HCOj" ions. Above 8.3, 
the bicarbonates are converted to carbonate ions. Hydroxide appears at a pH greater 
than 9.5 and reacts with carbon dioxide to yield both bicarbonates and carbonates 
[Eq. (11.6)]. The maximum COj^" concentration for dilute solutions is in the pH range 
10-11. Figure 11.2 shows the relationship between carbon dioxide and the three forms 
of alkalinity with respect to pH calculated for water having a total alkalinity of 100 mg/1 
at 25°C. Temperature, total alkalinity, and the presence of other ionic species influence 



pH 

Figure 11.2 Carbon dioxide and various forms of 
alkalinity relative to pH in water at 25°C. 
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alkalinity-pH relationships; nevertheless. Fig. 1 1.2 is a realistic representation of most 
natural waters. 


CO 2 + H 2 O H 2 CO 3 + HCO 3 - (11.5) 

CO 2 + OH- HCO 3 - ^ + CO 32 - (11.6) 

Substances that offer resistance to change in pH as acids or bases are added to a 
solution are referred to as buffers. Since the pH falls between 6 and 9 for most natural 
waters and wastewaters, the primary buffer is the bicarbonate-carbonate system. When 
acid is added, a portion of the ions is combined with HCO 3 - to form un-ionized 
H 2 CO 3 ; only the H+ remaining free affect pH. If a base is added, the OH" ions react 
with free H"^, increasing the pH. However, some of the latter are replaced by a shift of 
HCOs" to COa^", attenuating the change in hydrogen ion concentration. Both chemical 
reactions and biological processes depend on this natural buffering action to control pH 
changes. Sodium carbonate or calcium hydroxide can be added if naturally existing 
alkalinity is insufficient, such as in the coagulation of water where the chemicals added 
react with and destroy alkalinity. 

Precipitation softening is easily understood by referring to the pH-alkalinity rela¬ 
tionship illustrated in Fig. 11.2. Calcium and magnesium ions are soluble when associ¬ 
ated with bicarbonate anions. But, if the pH of a hard water is increased, insoluble 
precipitates of CaCOs and Mg(OH )2 are formed. This is accomplished in water treatment 
by adding lime to raise the pH level. At a value of about 10, hydroxyl ions convert 
bicarbonates to carbonates to allow the formation of calcium carbonate precipitate as 
follows: 


Ca(HC 03)2 + Ca(OH )2 ZCaCOj + 2 H 2 O (11.7) 

bicarbonate lime solid 

hardness slurry precipitate 


11.4 Chemical Equilibria 

Many chemical reactions are reversible to some degree, and the concentrations of reac¬ 
tants and products determine the final state of equilibrium. For the general reaction ex¬ 
pressed by Eq. (11.8), increase in either A or B shifts the equilibrium to the right, 
whereas a larger concentration of either C or D drives it to the left. A reaction in tme 
equilibrium can be expressed by the mass-action formula, Eq. (11.9): 


cA -h bB ^ cC + dD 


( 11 . 8 ) 


[C]-[D]-^ 

[A]“[B]^ 

where 

A, B = reactants 
C, D = products 
[ ] = molar concentrations 
K = equilibrium constant 


(11.9) 
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Strong acids and bases in dilute solutions approach 100% ionization, while weak 
acids and bases are poorly ionized. The degree of ionization of the latter is expressed by 
the mass-action equation. For example, Eqs. (11.10-11.13) are, for carbonic acid, 

H2CO3 ^ + HCO3- (11.10) 

^ = 4.45 X 10-’ at 25°C (11.11) 

[H 2 CO 3 J 

HCO 3 - + CO^- (11.12) 

fU+lCPO 2-1 

= -^2 = 4.69 X 10-“ at 25°C (11.13) 

[HCO3-] 

The foregoing characterizes homogeneous chemical equilibria where all reactants 
and products occur in the same physical state. Heterogeneous equilibrium exists be¬ 
tween a substance in two or more physical states. For example, at greater than pH 10, 
solid calcium carbonate in water reaches a stability with the calcium and carbonate ions 
in solution. 


CaCOj Ca=^+ + CO,^- (11.14) 

Equilibrium between crystals of a compound in the solid state and its ions in solution 
can be treated mathematically as if the equilibrium is homogeneous in nature. For 
Eq. (11.14), the expression is 


[Ca^^][C 03 ^-] 

[CaCOj] 


(11.15) 


Concentration of a solid substance can be treated as a constant K, in mass-action equi¬ 
librium; therefore, [CaC 03 ] can be assumed equal to KK^, and then 


[Ca 2 +][C 032 -] = KK, = = 5 X 10-« at 25'’C (11.16) 

The constant K^p is called the solubility-product constant. 

If the product of the ionic molar concentrations is less than the solubility-product 
constant, the solution is unsaturated. Conversely, a supersaturated solution contains an 
[A"^][B'] value greater than K^p . In this case, crystals form and precipitation progresses 
until the ionic concentrations are reduced equal to those of a saturated solution. 

Other ions in solution affect the solubility of a substance by either the conunon- 
ion effect or the secondary-salt effect. The common-ion effect is a repression of solu¬ 
bility of a substance in the presence of an excess of one of the solubility-product ions. 
For example, in pure water the solubility of CaCOs is about 13 mg/1, whereas in a 
solution containing 100 mg/1 of carbonate alkalinity, the solubility is only 0.5 mg/1. The 
secondary-salt effect is the increase in solubility of slightly soluble salts when other salts 
in solution do not have an ion in common with the slightly soluble substance. For ex¬ 
ample, CaCOa is several times more soluble in seawater than in fresh water. 
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11.5 Ways of Shifting Chemical Equilibria 

Chemical reactions in water and wastewater treatment rely on shifting of homogeneous 
or heterogeneous equilibria to achieve the desired results. The most common methods 
for completing reactions are by formation of insoluble substances, weakly ionized com¬ 
pounds, gaseous end products, and oxidation and reduction. 

The best example of shifting equilibrium to form precipitates is lime-soda ash 
softening. Calcium is removed from solution by adding lime, as shown in Eq. (11.7). If 
insufficient alkalinity is available to complete this reaction, sodium carbonate (soda ash) 
is also applied. However, magnesium hardness must be removed by forming Mg(OH )2 
since MgCOj is relatively soluble. This is effected by addition of excess lime to increase 
the value of [Mg^'^lfOH"]^ above the solubility product of magnesium hydroxide, which 
equals 9 X 10"*^. 

excess OH~ , 

MgCOa + Ca(OH )2 -> CaCOji + Mg(OH) 2 vl (11.17) 

A coipmon example of destroying equilibrium by forming a poorly ionized com¬ 
pound is neutralization of acid or caustic wastes. Here, the combining of hydrogen ions 
and hydroxyl ions forms poorly ionized water and a soluble salt. For example, 

2H+ + SO 42 - + 2Na+ + 20H- -» 2 H 2 O + 2Na^ + SO 42 - (11.18) 

Reactions involving production of a gaseous product go to practical completion if 
the gas escapes from solution. One illustration is breakpoint chlorination, which oxi¬ 
dizes ammonia to nitrogen and nitrous oxide gases. 

Oxidation and reduction is a very positive method of sending reactions to comple¬ 
tion, since one or more of the ions involved in the equilibrium is destroyed. A practical 
example in water treatment is removal of soluble iron from solution by oxidation using 
potassium permanganate. In this reaction [Eq. (11.19)], the iron gains one positive 
charge while the manganese in the permanganate ion is reduced from a valence of 7 + 
to a valence of 4+, forming manganese dioxide. 

Fe(HC03)2 + KMn04 -> Fe(OH) 3 >i + MnOji (11.19) 

11.6 Chemical Process Kinetics 

Chemical reactions are classified on the basis of stoichiometry, which defines the num¬ 
ber of moles of a substance entering into a reaction and the number of moles of products, 
and process kinetics that describe the rate of reaction. The types discussed in this section 
are irreversible reactions occurring in one phase where the reactants are distributed uni¬ 
formly throughout the liquid. Heterogeneous processes involve the presence of a solid- 
phase catalyst, such as adsorption onto a granular medium. In irreversible reactions, the 
stoichiometric combination of reactants leads to nearly complete conversion to prod¬ 
ucts. Most reactions in water and wastewater are sufficiently irreversible to allow this 
assumption for purposes of kinetic interpretation of experimental data. The type of 
reactor containing a reaction influences the degree of completion; therefore, process 
kinetics must also incorporate the hydraulic characteristics of reactors discussed in 
Sections 10.6-10.8. 
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Reaction Rates 


ZERO-ORDER REACTIONS. These reactions proceed at a rate independent of the 
concentration of any reactant or product. Consider conversion of a single reactant to a 
single product, represented as 

A (reactant) -4 P (product) 


If C represents the concentration of A at any time t, the disappearance of A is ex¬ 
pressed as' 

dC 

— = (11.20) 

where 

dC 

= rate of change in concentration of A with time 
dt 

k = reaction-rate constant 


The negative sign in front of k means that the concentration of A decreases with time. 
Integrating Eq. (11.20) and rearranging yields 


where 


C = Cq - kt 


( 11 . 21 ) 


C = concentration of A at any time t 
Co = initial concentration of A 


and Co becomes the constant of integration if we let C = Cq when t = 0. 

A plot of a zero-order reaction is shown in Fig. 11.3(a) by the straight line with a 
constant slope equal to -k. 


FIRST-ORDER REACTIONS. These reactions proceed at a rate directly proportional 
to the concentration of one reactant. Again consider conversion of a single reactant to a 
single product: 

A (reactant) P (product) 

If C represents the concentration of A at any time t, the disappearance of A is expressed 

dC 

— = -kC (11.22) 

dt 

Integrating Eq. (11.22) and letting C = Co at r = 0 gives 

inf = or logf = ^ (11.23) 

Plotting a first-order reaction on arithmetic paper results in a curve, as shown by 
the dashed line in Fig. 11.3(a), with the slope of a tangent at any point equal to —kC. 
With passage of time from the start of the reaction, the rate decreases with the decreas¬ 
ing concentration of A remaining; this is reflected by the reduction in tangent slopes 
along the curve. First-order reactions can be linearized by graphing on serailogarithmic 
paper, as illustrated in Fig. 11.3(b). 
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Figure 11.3 Diagrams illustrating reaction rates for irreversible 
homogeneous reactions occurring in one phase, (a) Arithmetic 
graphs of a zero-order reaction as a solid line and first-order 
reaction as a dashed line, (b) Semilogarithmic plot of a first-order 
reaction, (c) Plot of a second-order process, (d) Diagram showing 
the effect of temperature on reaction-rate plotting In k versus MT 
based on the Arrhenius equations [Eqs. (11.26} and (11.27}]. 


SECOND-ORDER REACTIONS. These reactions proceed at a rate proportional to 
the second power of a single reactant being converted to a single product, 

2A (reactant) —> P (product) 

The rate of disappearance of A is described by the rate equation 

^ = -ka (11.24) 

at 

The integrated form for a second-order reaction is 

i - i (11.25) 

A plot of Eq. (11.25) is shown in Fig. 11.3(c). On arithmetic paper, the reciprocal of 
the concentration of reactant remaining versus time plot is a straight line with a slope 
equal to k. 
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Effect of Temperature on Reaction Rate 


The rates of simple chemical reactions accelerate with increasing temperature of the 
liquid in a reactor, provided the higher temperature does not alter a reactant or catalyst. 
In 1889 Arrhenius examined the available data on the effect of temperature on the rates 
of chemical reactions and proposed the following equation; 


where 


d(ln k) ^ JE^ 
dT ~ Rr 

k = reaction-rate constant 
T = absolute temperature, K 
£ = a constant characteristic of the 

reaction called activation energy, cal/mole 
R = ideal gas constant (1.987 cal/K/mole) 


(11.26) 


Integration of this equation between T i and Tj, corresponding to reaction-rate constants 
fci and ^21 respectively, gives the relationship 


= ^( 7^2 - £,) 
k, RT,T2 


(11.27) 


If expenmental data are available, then E/R can be determined from the slope of a plot 
of In k versus 1/T [Fig. 11.3(d)]. In turn, the activation energy E for the reaction can be 
calculated by dividing the value of the slope by the ideal gas constant R. 

The integrated form of Eq. (11.27) is 


~ = ( 11 , 28 ) 

For water and wastewater reactions near ambient temperature, the quantity EIRTi 
located on the right side of Eq. (11.28) can be assumed constant for practical tempera¬ 
ture ranges. Replacing the term in brackets with a temperature coefficient © yields 

-r = (11.2 

where 


T = temperature, °C 

which is commonly used to adjust the value of a rate constant for a temperature change 
Equation (11.29) is applied to both chemical and biological processes, although in some 
cases linearity may be limited to a narrow temperature range. A common value for the 
temperature coefficient is 1.072, which doubles the reaction-rate constant with a 10° C 
temperature rise. 


Mass Balance Analysis 

Inaction-rate equations are based on batch reactor analyses in which the reactants are 
a ed to a stirred container and the change in concentrations measured with respect 
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to time. In continuous-flow reactors, the extent of a reaction depends on how the hy¬ 
draulic characteristics of the tank affect reaction time. For steady-state conditions of 
uniform flow and reactant concentrations, mass balance analyses are used to calculate 
the changes that occur between the influent and effluent of a reactor. Mathematical ex¬ 
pressions can be deriveqfor process reactions to predict the degree of reaction comple¬ 
tion in a particular system or to compute the mean residence time (mean hydraulic 
detention time) needed for a specific degree of reaction completion. 

Mass balance analysis of ideal plug flow is the same as reaction analysis of a stirred 
batch reactor, since the liquid flows through an ideal tubular reactor without longitudinal 
mixing. The horizontal time scales in Fig. 11.3 represent time of passage, or travel dis¬ 
tance along the reactor at a known velocity of flow. The plug-flow equations relating 
mean hydraulic detention time to reaction-rate constants for zero-, first-, and second- 
order reactions are given in Table 11.4. These were derived by rearranging and solving 
Eqs. (11.21), (11.23), and (11.25) for f. 

Analysis of an ideal completely mixed reactor assumes steady-state conditions, 
so that the reactants flow continuously into the tank and products are continuously dis¬ 
charged at' time t later. The concentrations of reactants and products are uniform 
throughout the mixing liquid, and the effluent has identical concentrations of reactants 
and products. Considering both the rate of reaction within the reactor and hydraulic 
characteristics of the system, the mass balance is 


V 



= QCo ~ QC, - V(rate of reaction) 


(11.30) 


where the change of mass of reactant A within the reactor equals the mass input minus 
the mass output and minus the decrease in mass caused by reaction in the reactor. 

For a first-order reaction rate [Eq. (11.22)], the mass balance becomes 


V 



= QCo - QC, - V{kC.) 


(11.31) 


Under steady-state conditions, the rate of change in the mass of reactant within the tank 
is zero. Hence, 


0 = QCo - QC, - VikC,) 


(11.32) 


Table 11.4 Mean Hydraulic Detention Times (Mean Residence 
Times) for Reactions of Different Order in Plug-Flow and Completely 
Mixed Reactors 


EQUATIONS FOR MEAN 
HYDRAULIC DETENTION TIMES 

REACTION IDEAL COMPLETELY 

ORDER IDEAL PLUG FLOW MIXED FLOW 


I (Co - C.) ^ (Co - C,) 
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Rearranging Eq. (11.32) and solving for VIQ, which equals t, gives 


V 

Q 




where 

V = volume of the reactor 
Q = rate of flow through the reactor 
t = mean hydraulic detention time (mean residence time) 
k = reaction-rate constant 
Co = influent concentration of reactant A 
C, = effluent concentration of reactant A 


(11.33) 


Thus, the reaction-rate constant and mean hydraulic detention time are expressed mathe¬ 
matically with the influent and effluent concentrations of reactant A for a first-order 
reaction. 

The equations for zero- and second-order reactions can be derived in a similar man¬ 
ner. Table 11.4 lists the equations for mean hydraulic detention times of ideal completely 
mixed-flow reactors based on zero-, first-, and second-order reactions. Mathematical 
expressions for more complex chemical process kinetics are given by others [2,3]. 


11.7 Colloidal Dispersions 

Colloidal dispersions in water consist of discrete particles held in suspension by their 
extremely small size (1-200 nm), state of hydration (chemical combination with water), 
and surface electric charge. The size of particles is the most significant property respon¬ 
sible for the stability of a sol (a colloidal dispersion in a liquid). With larger particles, 
the ratio of surface area to mass is low, and mass effects, such as sedimentation by 
gravity forces, predominate. For colloids, the ratio of surface area to mass is high, and 
surface phenomena, such as electrostatic repulsion and hydration, become important. 

There are two types of colloids—hydrophilic and hydrophobic. Hydrophilic col¬ 
loids are readily dispersed in water, and their stability (lack of tendency to agglomerate) 
depends on a marked affinity for water rather than on the slight charge (usually negative) 
that they possess. Examples of hydrophilic colloidal materials are soaps, soluble starch, 
soluble proteins, and synthetic detergents. 

Hydrophobic colloids possess no affinity for water and owe their stability to the 
electric charge they possess. Metal oxide colloids, most of which are positively charged, 
are examples of hydrophobic sols. A charge on the colloid is gained by adsorbing posi¬ 
tive ions from the water solution. Electrostatic repulsion between the charged colloidal 
particles produces a stable sol. 

The concept of zeta potential is derived from the diffuse double-layer theory ap¬ 
plied to hydrophobic colloids (Fig. 11.4). A fixed covering of positive ions is attracted 
to the negatively charged particle by electrostatic attraction. This stationary zone of 
positive ions is referred to as the Stem layer, which is surrounded by a movable, diffuse 
layer of counterions. The concentration of these positive ions in the diffuse zone de¬ 
creases as it extends into the surrounding bulk of electroneutral solution, Zeta potential 
IS the magnitude of the charge at the surface of shear. The boundary surface between the 
fixed ion layer and the solution serves as a shear plane when the particle undergoes 
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Figure 11.4 Derivation of the zeta potential in diffuse double-layer theory. 

movement relative to the solution. The zeta potential magnitude can be estimated from 
electrophoretic measurement of particle mobility in an electric field. 

A colloidal suspension is defined as stable when the dispersion shows little or no 
tendency to aggregate [Fig. 11.5(a)]. The repulsive force of the charged double layer 
disperses particles and prevents aggregation; thus, particles with a high zeta potential 
produce a stable sol. Factors tending to destabilize a sol are van der Waals forces of 
attraction and Brownian movement. Van der Waals forces are the molecular cohesive 
forces of attraction that increase in intensity as particles approach each other. These 
forces are negligible when the particles are slightly separated but become dominant 
when particles contact. Brownian movement is the random motion of colloids caused by 
their bombardment by molecules of the dispersion medium. This movement has a desta¬ 
bilizing effect on a sol because aggregation may result. 

Destabilization of hydrophobic colloids can be accomplished by adding electro¬ 
lytes to the solution (Fig. 11.5(b)]. Counterions of the electrolyte suppress the double¬ 
layer charge of the colloids sufficiently to permit particles to contact. As the particles 
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Figure 11.5 Schematic representations of coagulation 
and bridging of colloids, (a) A stable suspension of 
particles where forces of repulsion exceed the forces of 
attraction, (b) Destabilization and coagulation caused by 
counterions of a coagulant suppressing the double-layer 
charges, (c) Agglomeration of destabilized particles by 
attaching of coagulant ions and bridging of polymers. 


meet, van der Waals forces of attraction become dominant and aggregation results. Elec¬ 
trolytes found to be most effective are multivalent ions of opposite charge to that of the 
colloidal particles. Sols can also be destabilized by cationic polymers that act much the 
same as neutral salts in suppressing the diffuse double layer. The primary mechanism of 
polymers appears to be bridging. The long polymer molecule attaches to absorbent sur¬ 
faces of colloidal particles by chemical or physical interactions, resulting in aggregation 
[Fig. 11.5(c)]. The destabilizing action of hydrolyzed metal ions (i.e., aluminum and 
iron salts) appears to fall into an intermediate category between simple ions and cationic 
polymers. Highly charged, soluble hydrolysis products of these metal salts reduce the 
repulsive forces between colloids by compressing the double-layer charge, bringing on 
coagulation. Hydrolyzed metal ions are also adsorbed on the colloids, creating bridges 
between the particles. 

In contrast to the electrostatic nature of hydrophobic colloids, the stability of hydro- 
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philic colloids is related to their state of hydration (i.e., their marked affinity for water). 
Chemical coagulation does not materially affect the degree of hydration of colloids. 
Therefore, hydrophilic colloids are extremely difficult to coagulate, and heavy doses of 
coagulant salts, often 10-20 times the amount used in conventional water treatment, are 
needed for destabilization. 


WATER COAGULATION 

Coagulation is the process of adding chemicals to surface waters to collect particulate 
matter and colloids into clusters that can be removed from solution by subsequent sedi¬ 
mentation and filtration through granular media. In addition to improving aesthetics, the 
purpose of clarification is to remove substances that interfere with the disinfection of 
drinking water by chlorine. 


11.8 Coagulation Process 

Two basic mechanisms have been defined in destabilizing a colloidal suspension to 
produce floe for subsequent solids-separation processes: Coagulation reduces the net 
electrical repulsive forces at particle surfaces by adding coagulant chemicals, whereas 
flocculation is agglomeration of the destabilized particles by chemical joining and 
bridging. 

The primary purpose of chemical treatment is to agglomerate particulate matter and 
colloids into floe that can be separated from the water by sedimentation and filtration. 
In water treatment, coagulation and flocculation are used to destabilize turbidity, color, 
odor-producing compounds, pathogens, and other contaminants in surface waters. In 
wastewater reclamation, coagulation precedes tertiary filtration necessary to clarify a 
biologically treated effluent for effective chemical disinfection. 

Traditionally, environmental engineers have not restricted the use of the terms co¬ 
agulation and flocculation to describing chemical mechanisms only. Common use of 
these terms refers to both chemical and physical processes in treatment, possibly be¬ 
cause the complex reactions that take place in chemical coagulation-flocculation are 
only partially understood. Even more important is that engineers tend to associate co¬ 
agulation with the operational units (rapid mixing and flocculation) used in chemical 
treatment. Hence, the term coagulation in common usage refers to the series of chemical 
and mechanical operations by which coagulants are applied and made effective. These 
operations are customarily considered to comprise two distinct phases: (1) rapid mixing 
to disperse coagulant chemicals by violent agitation into the water being treated and 
(2) flocculation to agglomerate small particles into well-defined floe by gentle agitation 
for a much longer time [4]. (Refer to Sections 10.9 and 10.10 for a description of rapid 
mixing and flocculation processes.) 

The common unit operations and chemical additions in the treatment of surface 
waters for a potable supply are diagrammed in Fig. 11.6. Coagulant chemicals are added 
by rapid mixing, and a coagulant aid, usually a polymer, is blended into the destabilized 
water prior to or during flocculation. After filtration, the turbidity must be equal to or 
less than 0.5 NTU to ensure satisfactory disinfection without creating .undesirable by- 
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Figure 11.6 Schematic diagram of the coagulation process as a part of the scheme 
for treating surface water for a potable supply. 


products, such as trihalomethanes. Activated carbon may be applied to adsorb taste- and 
odor-producing compounds and fluoride to achieve an optimum concentration as a pub¬ 
lic health measure. If the formation of trihalomethanes is not a problem, prechlorination 
may be used for disinfection of the raw water and/or for control of tastes and odors. 
Chemical treatment varies with the season of the year, and, for river waters, operational 
flexibility is required to handle the day-to-day variations. 

The removal of contaminants by coagulation depends on their nature and concen¬ 
tration; use of both coagulants and coagulant aids; and other characteristics of the water, 
including pH, temperature, and ionic strength. Because of the complex nature of coagu¬ 
lation reactions, chemical treatment is based on empirical data derived from laboratory 
and field studies. 

The jflr test is widely used to simulate a full-scale coagulation-flocculation process 
to determine optimum chemical dosages. The apparatus consists of six agitator paddles 
coupled to operate at the same rotational speed, which can be varied from 10 to 100 rpm. 
The laboratory containers are 1- to 2-1 beakers or square jars. The general procedure for 
conducting ajar test is as follows; 

1. Fill six 1- or 2-liter beakers with a measured amount of the water to be treated. 

2. Add the coagulant and/or other chemicals to each sample. 

3. Flash-mix the samples by agitating at maximum speed (100 rpm) for I min. 

4. Flocculate the samples at a stirring rate of 20-70 rpm for 10-30 min. Record the 
time of floe appearance for each beaker. 

5. Stop the agitation and record the nature of the floe, clarity of supernatant, and 
settling characteristics of the floe. 

Experiments can be conducted to evaluate the effectiveness of different coagulants 
and optimum dosage for destabilization, optimum pH, efiFectiveness of various coagulant 
aids and best dosage for floe formation, and the most effective sequence of chemical 
applications [5]. Ordinarily, a full-scale plant provides better results than the laboratory 
jar test for the same chemical dosages. 
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11.9 Coagulants 

The most widely used coagulants for water and wastewater treatment are aluminum and 
iron salts. The common metal salt is aluminum sulfate, which is a good coagulant for 
water containing organic matter. Iron coagulants are effective over a wider pH range and 
are generally more effective in removing color from water, but they usually cost more. 
For some waters, cationic polymers are effective as a primary coagulant, but polymers 
are more commonly applied as coagulant aids. The final choice of coagulants and chemi¬ 
cal aids is based on being able to achieve the contaminant removals and low turbidity 
desired in the filtered water at least cost. 

The following paragraphs discuss various coagulants and present the theoretical 
chemical reactions. These traditional coagulation reactions yield only approximate re¬ 
sults. The molecular and equivalent weights of chemical compounds listed in Tables 11.1 
and 11.2 are useful in solving numerical problems. 

Aluminum Sulfate (Filter Alum) 

Aluminum sulfate is the standard coagulant used in water treatment. The commercial 
product strength ranges from 15% to 22% as AI 2 O 3 with a hydration of about 14 moles 
of water. A formula used for filter alum is Al 2 (C 04)3 • I 4 . 3 H 2 O with a molecular weight 
of 600. The material is commonly shipped and fed in a dry granular form, although it is 
available as a powder or liquid alum syrup. 

Aluminum sulfate reacts with natural alkalinity in water to form aluminum hydrox¬ 
ide floe. 


Al2(S04)3 • 14 . 3 H 2 O + 3Ca(HC03)2 (11.34) 

^ 2 Al(OH) 3 i + 3CaS04 + K.SHjO + 6 CO 2 

Each mg/1 of alum decreases water alkalinity by 0.50 mg/1 (as CaCOs) and produces 
0.44 mg/1 of carbon dioxide. Production of carbon dioxide is undesirable since this 
increases the corrosiveness of water. 

If water does not contain sufficient alkalinity to react with the alum, lime or soda 
ash is fed to provide the necessary alkalinity. 

Al 2 (S 04)3 • I 4 . 3 H 2 O + 3Ca(OH)2 (11.35) 

^ 2Al(OH)3i + 3CaS04 + I 4 . 3 H 2 O 

Al2(S04)3 • I 4 . 3 H 2 O + 3Na2C03 + 3 H 2 O (11.36) 

2Al(OH)3i + 3Na2S04 + 300, + 14 . 3 H 2 O 

An advantage of using sodium carbonate (soda ash) is that unlike lime it does not 
increase water hardness, only corrosiveness. Lime, which is more popular, is less expen¬ 
sive than soda ash. 

The dosage of alum used in water treatment is in the range 5-50 mg/1. The effective 
pH range for alum coagulation is 5.5-8.0. Alum is preferred in treating relatively high- 
quality surface waters because it is the only chemical needed for coagulation. 


Ferrous Sulfate (Copperas) 

Commercial ferrous sulfate has a strength of 55% FeS 04 aitd is supplied as green crystal 
or granule for dry feeding. Ferrous sulfate reacts with natural alkalinity [Eq-. (11.37)], 
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but the response is much slower than that between alum and natural alkalinity. Lime is 
generally added to raise the pH to the point where ferrous ions are precipitated as ferric 
hydroxide by the caustic alkalinity [Eq. (11.38)1. 

2 FeS 04 • THiO + 2 Ca(HC 03)2 + O.SOj (11.37) 

2Fe(OH)3i + 2CaS04 + 4 CO 2 + I 3 H 2 O 

2FeS04 ■ 7H2O + 2Ca(OH)2 + O.5O2 (11.38) 

2Fe(dH)3i + 2CaS04 + I 3 H 2 O 

Treatment using ferrous sulfate and lime adds some hardness but no corrosiveness 
to the water. This process is usually cheaper than alum coagulation, but the dosing op¬ 
eration with two chemicals is more difficult. If excess lime is used, the water may require 
treatment for stabilization. 

Chlorinated copperas treatment is a second method of using ferrous sulfate. In this 
process chlorine is used to oxidize the ferrous sulfate to ferric sulfate. 

3 FeS 04 • 7 H 2 O + I. 5 CI 2 Fe 2 (S 04)3 + FeClj + 2 IH 2 O (11.39) 

Oxidation is generally performed by adding ferrous sulfate to the discharge from a so¬ 
lution feed chlorinator. Theoretically, 1.0 lb of chlorine oxidizes 7.8 lb of copperas. In 
practice, a chlorine feed slightly in excess of the theoretical amount produces good 
results. 

Ferric sulfate and the ferric chloride react with natural alkalinity or lime, as illus¬ 
trated by the following reactions with ferric chloride: 

2FeCl3 + 3Ca(HC03)2 2Fe(OH)3i + 3CaCl2 + 6 CO 2 (11.40) 

2 FeCl 3 + 3 Ca(OH )2 2 Fe(OH) 3 i + 3 CaCl 2 (11.41) 

Color in water is generally not affected by copperas and lime treatment, whereas 
chlorinated copperas is effective in the removal of color. 

Ferric Salts 

Ferric sulfate and ferric chloride are available as coagulants under a variety of trade 
names. The reactions of these salts with natural alkalinity and with lime are noted in 
Eqs. (11.40) and (11.41). Advantages of the ferric coagulants are that (1) coagulation is 
possible over a wider pH range, generally pH 4-9 for most waters; (2) the precipitate 
produced is a heavy quick-settling floe; and (3) they are more effective in the removal 
of color, taste, and odor compounds. 

Ferric sulfate is available in crystalline form and may be fed using dry or liquid 
feeders. Ferric sulfate, although not as aggressive as ferric chloride or chlorinated cop¬ 
peras, must be handled by corrosive-resistant equipment. 

Ferric chloride is supplied in either crystalline or liquid form. Although ferric chlo¬ 
ride can be used in water treatment, its most frequent application is in wastewater treat- 
ment (e.g., as a waste-sludge-conditioning chemical in combination with lime prior to 
mechanical dewatering). 

Sodium Aluminate 

Sodium aluminate is essentially alumina dissolved in sodium hydroxide. The principal 
use of sodium aluminate is as an additional coagulant with aluminum sulfate, generally 
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in the treatment of boiler water. The limited employment of sodium aluminate is dic¬ 
tated by its high cost. Sodium aluminate is alkaline in its reactions, instead of acidic like 
other coagulants. Reactions of sodium aluminate with aluminum sulfate and carbon 
dioxide are 

bNaAlOa + Al2(S04)3 • H.m^O (11.42) 

-> 8Al(OH)3i + 3Na2SD4 + 2 . 3 H 2 O 

2NaA102 + CO 2 + 3 H 2 O -> 2A1(0H)3>1 + Na2C03 (11.43) 


Polymers 

Cationic polymers can be effective for coagulation, without hydrolyzing metals, by pro¬ 
ducing destabiIi 2 ation through charge neutralization and interparticle bridging. In con¬ 
trast to metal coagulants, rapid mixing for low-molecular-weight cationic polymers is 
performed at reduced turbulence relative to metal coagulants to prevent breakup of the 
more fragile polymer floe. Feed control of polymer coagulants must be precise since 
effective dosage has a narrow band; overdosing or underdosing results in restabilization 
of the colloidal particles. Because polymers do not affect pH, they are advantageous for 
coagulating low-alkalinity waters. Another potential advantage of polymers relative to 
metal salts is reduced sludge production. Dosages of cationic polymers for coagulation 
are commonly 0.5-1.5 mg/J, which is much less than the dosages of metal coagulants. 

Adds and Alkalies 

Acids and alkalies are added to water to adjust the pH for optimum coagulation. Typical 
acids used to lower the pH are sulfuric and phosphoric. 

Alkalies used to raise the pH are lime, sodium hydroxide, and soda ash. Hydrated 
lime, with about 70% available CaO, is suitable for dry feeding but costs more than 
quicklime, which is 90% CaO. The latter must be slaked (combined with water) and fed 
as a lime slurry. Soda ash is 98% sodium carbonate and can be fed dry but is more 
expensive than lime. Sodium hydroxide is purchased and fed as a concentrated solution. 

■ EXAMPLE 1 1.2 A surface water is coagulated with a dosage of 30 mg/1 of ferrous 
sulfate and an equivalent dosage of lime, (a) How many pounds of ferrous sulfate are 
needed per mil gal of water treated? (b) How many pounds of hydrated lime are re¬ 
quired, assuming a purity of 70% CaO? (c) How many pounds of FeCOH), sludge are 
produced per mil gal of water treated? 

Solution: Converting the dosage of ferrous sulfate from mg/1 to Ib/mil gal, one 
obtains 

30 X 8.34 = 250 Ib/mil gal 

By Eq. (11.38) and molecular weights from Tables 11.1 and 11.2, 

2 X 278 lb + 2 X 74 lb ^ 2 X 107 lb 

FeS 04 - 7 H 20 Ca(OH )2 Fe(OH )3 

556 _ 148 _ 214 

250 lb Y lb Ca(OH)2 ~ ^Ib Fe(OH)3 


Therefore, 
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Solving for the lime dosage yields 
250 X 148 

y lb Ca(OH )2 =--= 66.5 Ib/mil gal (8.0 mg/1) 

556 

56 1 

lb 70% CaO = 66.5 ^ ^ 72 Ib/mil gal (8.6 mg/1) 

The Fe(OH )3 sludge production is 

250 X 214 

Z lb Fe(OH )3 = -—- = 96 Ib/mil gal (12 rag/1) 

556 

Alternative solution for lime dosage: 

One equivalent weight of ferrous sulfate (139) reacts with 1 equivalent weight of 
70% CaO (28 ^ 0.70 = 40). Therefore, 


lime dosage = 30 X- X 8.34 = 72 Ib/mil gal 

a 129 ® ■ 

■ EXAMPLE 11.3 Dosage of alum with the alum-lime coagulation of a water is 
50 mg/1. It is desired to react only 10 mg/1 (as CaCOj) of the natural alkalinity with the 
alum. Based on the theoretical Eqs. (11.34) and (11.35), what dosage of lime is required, 
in addition to 10 mg/1 of natural alkalinity, to react with the alum dosage? 

Solution: Using equivalent weights, the alum that reacts with 10 mg/1 of natural 
alkalinity is 10 X (100/50) = 20 mg/1. The amount of alum remaining to react with 
lime is 50 - 20 = 30 mg/1. The lime dosage required to react with 30 mg/1 of alum is 
30 X (28/100) = 8.4 mg/1 as CaO. ■ 


11.10 Polymers 

Synthetic polymers are water-soluble high-molecular-weight organic compounds that 
have multiple electrical charges along a molecular chain of carbon atoms. If the ioniz- 
able groups have a positive charge, the compound is referred to as a cationic polymer. If 
lonizable groups have a negative charge, it is an anionic polymer. If no charges are 
exhibited, it is a nonionic polymer. 

In drinking water treatment, polymers are extensively used as coagulant aids with 
aluminum and iron coagulants in treatment of turbid waters to build larger floe prior to 
sedimentation and filtration. 

In wastewater treatment, they can be applied in activated-sludge processing after 
aeration to remedy overflow of biological floe from the final clarifier, usually as a result 
of plant overloading or poor settleability of filamentous growths and poorly agglomer¬ 
ated floe. Polymers are the flocculating chemicals in the agglomeration of organic solids 
to release bound water for sludge thickening on a gravity belt and for dewatering by a 
belt press or centrifuge. 

In water and wastewater coagulation, anionic and nonionic polymers are effective 
coagulant aids. After destabilizing the colloidal suspension by hydrolyzing metals such 
as alum, polymers promote larger and tougher floe by a bridging mechanism (Fig. 11.5). 
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Generally, nonionic polymers are more effective in water containing higher concentra¬ 
tions of divalent cations, i.e., Ca^"^ and Mg^+. Common dosages are 0.1-0.5 mg/1, to 
aid alum coagulation. The combination of polymer and alum can reduce the alum dos¬ 
age that would be required without the polymer. Since a wide selection of proprietary 
polymers is available, the brand name of the selected polymer should be determined and 
verified by laboratory and full-scale testing to ensure it is the best aid at least cost. The 
effectiveness of a polymer also depends on the point of application. The mixing must be 
adequate for complete blending but not so turbulent as to hinder particle bridging. 

Several kinds of polymers are available. Dry polymers are high-molecular-weight, 
powder or granular, available in bags or bulk, and 100% active. They are diluted with 
water to the desired concentration in the range of 0.10%-0.25% solution by weight to 
allow accurate metering. In order to uncoil and activate the polymer molecules, the so¬ 
lution is aged in a mixing tank. Emulsion polymers are high-molecular-weight, available 
as a liquid in an oil medium, and 35%-50% active by weight. The minimum dilution 
ratio is 100 to 1 and may be as high as 1000 to 1. Because of the hydrophobic nature of 
oil, emulsion polymers tend to agglomerate when diluted with water. Solution polymers 
are low-molecular-weight, supplied in water solution, 10%-100% active, and are the 
easiest to blend into a diluted solution. Mannich polymers are high-molecular-weight, 
water soluble, available in bulk, and 6%-10% active. The typical water dilution for 
application is 3 to 1. Solution and mannich polymers are easily miscible in water and all 
three liquid polymers require less aging time than dry polymers. Process application, 
size of treatment plant, selection of polymer feed system, price based on active polymer 
weight, and availability dictate polymer selection. 


WATER SOFTENING 

Hardness in water is caused by the ions of calcium and magnesium. Although ions of 
iron, manganese, strontium, and aluminum also produce hardness, they are not present 
in significant quantities in natural waters. 

A single criterion for maximum hardness in public water supplies is not possible. 
Water hardness is largely the result of geological formations of the water source. Public 
acceptance of hardness varies from community to community, consumer sensitivity be¬ 
ing related to the degree of hardness to which the consumer is accustomed. 

Hardness of more than 300-500 mg/1 as CaCOi is considered excessive for a pub¬ 
lic water supply and results in high soap consumption as well as objectionable scale in 
heating vessels and pipes. Many consumers object to water harder than 150 mg/l 2 
moderate figure being 60-120 mg/l. 


11.11 Chemistry of Lime-Soda Ash Process 

The lime-soda water-softening process uses lime, Ca(OH) 2 , and soda ash, Na2C0i, 
to precipitate hardness from solution. Carbon dioxide and carbonate hardness (cab 
cium and magnesium bicarbonate) are complexed by lime. Noncarbonate hardness 
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(calcium and magnesium sulfates or chlorides) requires the addition of soda ash for 


precipitation. 

The following are chemical reactions in lime-soda ash treatment: 

Reaction with CO 2 and precipitation of Ca^+ from lime. 

CO 2 + Ca(OH )2 = CaCOji + H 2 O (11.44) 

Precipitation of bicarbonate Ca^"^ and Ca^^ from lime. 

Ca(HC 03)2 + Ca(OH )2 = 2 CaC 03 i + 2 H 2 O (11.45) 

Conversion of HC 03 " to and precipitation of Ca^'^ from lime. 

Mg(HC 03)2 + Ca(OH )2 = CaC 03 i + MgC 03 + 2 H 2 O (11.46) 
Precipitation of carbonate Mg^"^ and Ca^-^ from lime. 

MgCOj + Ca(OH )2 = Mg(OH) 2 >l + CaCO^i (11.47) 

Precipitation of noncarbonate Mg^^, leaving Ca^^ from lime in solution. 

MgS 04 + Ca(OH )2 = Mg(OH) 2 i + CaS 04 (11.48a) 

MgCl 2 + Ca(OH )2 = Mg(OH) 2 i + CaClj (11.48b) 

Precipitation of noncarbonate Ca^'*' by addition of soda ash 

CaS 04 + NajCOa = CaC 03 i + Na 2 S 04 (11.49a) 

CaCl 2 + NajCOa = CaC 03 >l + 2NaCl (11.49b) 


These equations give all the reactions taking place in softening water containing 
both carbonate and noncarbonate hardness, by additions of both lime and soda ash. The 
carbon dioxide in Eq. (11.44) is not hardness as such, but it consumes lime and must 
therefore be considered in calculating the amount required. Equations (11.45-11.47) 
demonstrate removal of carbonate hardness by lime. Note that only 1 mole of lime is 
needed for each mole of calcium alkalinity, whereas 2 moles are required for each mole 
of magnesium alkalinity [Eqs. (11.46) and (11.47)]. Equation (11.48) shows the removal 
of magnesium noncarbonate hardness by lime. No softening results from this reaction 
because 1 mole of calcium noncarbonate hardness is formed for each mole of magne¬ 
sium salt present. Equation (11.49) is for removal of noncarbonate calcium originally 
present in the water and also that formed as stated in Eq. (11.48). 

Precipitation softening cannot produce a water completely free of hardness because 
of the solubility of calcium carbonate and magnesium hydroxide. Furthermore, comple¬ 
tion of the chemical reactions is limited by physical considerations, such as adequate 
mixing and limited detention time in settling basins. Therefore, the minimum practical 
limits of precipitation softening are 30 mg/1 of CaC 03 and 10 mg/1 of Mg(OH )2 ex¬ 
pressed as CaC 03 • Hardness levels of 80-100 mg/1 are generally considered acceptable 
for a public water supply, but the magnesium content should not exceed 40 mg/1 as 
CaC 03 in a softened municipal water. 

There are several advantages of lime softening in water treatment. The most obvi¬ 
ous is that the total dissolved solids may be significantly reduced; hardness is taken out 
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of solution; and the lime added is also removed. When soda ash is applied, sodium ions 
remain in the finished water; however, noncarbonate hardness requiring the addition of 
soda ash is generally a small portion of the total hardness. Lime also precipitates the 
soluble iron and manganese often found in groundwaters. In processing surface waters, 
excess lime treatment provides disinfection and aids in coagulation for removal of 
turbidity. 


11.12 Process Variations in Lime-Soda Ash Softening 

Three different basic schemes are used to provide a finished water with the desired hard¬ 
ness: excess-lime treatment, selective calcium removal, and split treatment. 


Excess-Lime Treatment 

Carbonate hardness associated with the calcium ion can be effectively removed to the 
practical limit of CaCOj solubility by stoichiometric additions of lime [Eq. (11.45)]. 
Precipitation of the magnesium ions [Eqs. (11.47) and (11.48)] calls for a surplus of 
approximately 35 mg/1 of CaO (1.25 meq/1) above stoichiometric requirements. The 
practice of excess-lime treatment reduces the total hardness to about 40 mg/1 (i.e., 
30 mg/1 of CaCOj and 10 mg/1 of magnesium hardness). 

After excess-lime treatment, the water is scale forming and must be neutralized to 
remove caustic alkalinity. Recarbonation and soda ash are regularly used to stabilize the 
water. Carbon dioxide neutralizes excess lime as follows: 

Ca(OH )2 -f CO 2 = CaCOji + H 2 O (11.50) 

This reaction precipitates calcium hardness and reduces the pH from near 11 to about 
10.2. Further recarbonation of the clarified water converts a portion of the remaining 
carbonate ions to bicarbonate by the reaction 

CaCOj + CO 2 + H 2 O = Ca(HC03)2 (11.51) 

The final pH is in the range 9.5-8.5, depending on the desired carbonate-to-bicarbonate 
ratio (Fig. 11.2). 

The equipment required for generating carbon dioxide gas consists of a furnace to 
burn the fuel (coke, coal, gas, or oil), a scrubber to remove soot and other impurities 
from the gas, and a compressor for forcing the gas into the water. Commercial liquid 
carbon dioxide is also used if the consumption is sufficiently low to be cost effective. 
Receiving and storing bulk quantities of commercial gas and the ease of feeding reduce 
equipment and operating costs compared to on-site gas generation for smaller facilities. 

A two-stage system is preferred for excess-lime treatment as diagrammed in 
Fig. 11.7. Lime is applied in first-stage mixing and sedimentation to precipitate both 
calcium and magnesium. Then carbon dioxide is applied to neutralize the excess lime 
[Eq. (11.50)], and soda ash is added to reduce noncarbonate hardness. Solids formed in 
these reactions are removed by secondary settling and subsequent filtration. Recarbon¬ 
ation immediately ahead of the filters may be used to prevent scaling of the media 
[Eq. (11.51)]. 
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Waste sludge 
CaCOj 

Excess-lime First-stage Second-stage recarbonation 

treatment recarbonation and filtration 

Figure 11,7 Schematic flow diagram for a two-stage excess-lime softening plant. 

■ EXAMPLE 11.4 Water defined by the following analysis is to be softened by excess- 
lime treatment in a two-stage system (Fig. 11.7): 


CO 2 = 8.8 mg /1 as CO 2 

AlkCHCOj-) = 115 mg/1 as CaCO. 

Ca^"^ = 70 mg/1 

S 04 ^- = 96 mg/1 

Mg'" = 9.7 mg/1 

Cl- = 10.6 mg/1 

Na" = 6.9 mg/1 



The practical limits of removal can be assumed to be 30 mg/I of CaCOa and 10 mg/1 of 
Mg(OH) 2 , expressed as CaCOa. Sketch a meq/1 bar graph and list the hypothetical com¬ 
binations of chemical compounds in the raw water. Calculate the quantity of softening 
chemicals required in pounds per million gallons of water treated and the theoretical 
quantity of carbon dioxide needed to provide a finished water with one-half of the al¬ 
kalinity converted to bicarbonate ion. Draw a bar graph for the softened water after 
recarbonation and filtration. 

Solution: 


Component 

mg /1 

Equivalent 

weight 

meq /1 

CO 2 

8.8 

■1 

mm 

Ca'" 



BaBil 


9.7 

12.2 

0.80 

Na" 

6.9 

23.0 

0.30 

Aik 

115 

50.0 

2.30 

SO 4 '- 

96 

48.0 

2.00 

Cl- 

10.6 

35.5 

0.30 
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Figure 11.8 Milliequivalent bar graphs for Example 11.4. (a] Bar graph and 
hypothetical chemical combinations in the raw water, (b) Bar graph of the water 
after lime and soda ash additions and settling but before recarbonation. (c) Bar 
graph of the water after two-stage recarbonation and final filtration. 


The meq/1 bar graph of the raw water is shown in Fig. 11.8(a), and the hypothetical 
combinations are listed. 


Component 

meq/1 

Lime 

Soda ash 

CO, 

0.4 

0.4 

0 

Ca(HC03), 

2.3 

2.3 

0 

CaSOj 

1.2 

0 

1.2 

MgSO^ 

0.8 

M 

M 



3.5 

2.0 
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lime required = stoichiometric quantity + excess lime 

= 3.5 X 28 + 35 = 133 mg/1 of CaO = 1100 Ib/mil gal 

soda ash required = 2.0 X 53 = 106 mg/1 of Na 2 C 03 = 900 Ib/mil gal 

A hypothetical bar graph for the water after addition of softening chemicals and first- 
stage sedimentation is shown in Fig. 11.8(b). The dashed box is the excess-lime addi¬ 
tion, 35 mg/1 of CaO = 1.25 meq/1. The 0.6 meq/1 of Ca^+ (30 mg/1 as CaCOa) and 
0.20 meq/1 of Mg^'^ (10 mg/1 as CaCOj) are the practical limits of hardness reduction. 
The 2.0 meq/1 of Na 2 S 04 results from the addition of soda ash. Alkalinity consists of 
0.20 meq/1 of OH~ associated with Mg(OH )2 and 0.60 meq/1 of COa^" related to 
CaCOa. 

Recarbonation converts the excess hydroxyl ion to carbonate ion; using the rela¬ 
tionship in Eq. (11.50) and 22.0 as the equivalent weight of carbon dioxide is (1.25 + 
0.2)22.0 = 31.9 mg/1 of CO 2 . After second-stage processing, final recaibonation con¬ 
verts one-half of the remaining alkalinity to bicarbonate ion by Eq. (11.51), giving 0.5 X 
0.8 X 22.0 = 8.8 mg/1 of CO 2 . Therefore the total carbon dioxide reacted is (31.9 + 
8.8)8.34 = 340 Ib/mil gal of CO 2 . 

The bar graph of the finished water is shown in Fig. 11.8(c). ■ 

Selective Calcium Removal 

Waters with a magnesium hardness of less than 40 mg/1 as CaC 03 can be softened 
by removing only a portion of the calcium hardness. The processing scheme can be 
a single-stage system of mixing, sedimentation, recarbonation, and filtration, as dia¬ 
grammed in Fig. 11.9. Enough lime is added to the raw water to precipitate calcium 
hardness without providing any excess for magnesium removal. Soda ash may be re¬ 
quired, depending on the amount of noncarbonate hardness. Recarbonation is usually 
practiced to reduce scaling of the filter media and produce a stable effluent. 

■ EXAMPLE 11.5 Determine the chemical dosages needed for selective calcium soft¬ 
ening of the water described in Example 11.4. Draw a bar graph of the processed water. 



Waste sludge 
CaCOj 


Figure 11.9 Schematic flow diagram for a single-stage calcium- 
carbonate softening plant. 
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Solution: The hypothetical combinations of concern in calcium precipitation are CO 2 , 
Ca(HC 03 ) 2 , and CaS 04 [Fig. 11.8(a)]. 


Component 

meq/1 

Lime 

Soda ash 

CO 2 

0.4 

0.4 

0 

Ca(HC03)2 

2.3 

2.3 

0 

CaS 04 

1.2 

0_ 

12 



2.7 

1.2 


lime required — 2.7 X 28 = 76 mg/1 of CaO = 630 Ib/mil gal 
soda ash required = 1.2 X 53 = 64 mg/1 of Na 2 C 03 = 530 Ib/mil gal 

Final hardness is all the Mg^+ in the raw water plus the practical limit of CaCOs 
removal (30 mg/1 or 0.60 meq/1), (0.8 + 0.6)50 = 70 mg/1 as CaCO^. The bar graph 
of the softened water is shown in Fig. 11.10. Recarbonation would be desirable to sta¬ 
bilize the water by converting a portion of the carbonate alkalinity to bicarbonate. ■ 

Split Treatment 

Split treatment consists of treating a portion of the raw water by excess lime and then 
neutralizing the excess lime in the treated flow with the remaining portion of raw water. 
When split treatment is used, any desired hardness level above 40 mg/1 is attainable. 
Since hardness levels of 80-100 mg/l are generally considered acceptable, split treat¬ 
ment can result in considerable chemical savings. Recarbonation is not customarily 
required. 

Split treatment is particularly advantageous on well waters. In softening surface 
waters, where taste, odor, and color may be problems, two stages of processing for the 
total flow are usually preferred over split treatment. 

The flow pattern of a typical two-stage split-treatment plant is shown in Fig. 11.11. 
If X is the ratio of the bypassed flow to the total quantity Q, then bypassed flow is XQ, 
and that through the first stage isQ - XQot(\ - X)Q. The magnesium content leaving 
the first stage (designated Mgi) will be less than 10 mg/l (as CaCOi). Magnesium in 
the bypass will be the same as that in the raw water (designated as Mg,). Permissible 
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Figure 11.10 Bar graph of the softened water after selective calcium 
removal. 
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Split flow bypassing 
first stage 



Waste sludge Waste sludge Backwash 

CaCO^ & Mg(OH), CaCO^ water 


Excess-lime 

treatment 


Neutralization Filtration 

of excess lime 


Figure 11.11 Schematic flow diagram for a spilt-treatment softening plant. 


magnesium in finished water (designated Mg/) is about 50 mg/1 as CaCOj. The bypass 
flow fraction can be calculated for any desired level of magnesium by using the formula 


Mg/ - Mgi 
Mg, - Mg, 


(11.52) 


The bypass flow is usually 30%-50%, depending on the limiting concentration of 
about 50 mg/1 magnesium hardness in the finished water, with a total hardness of 
80-100 mg/1. 

The first stage in split treatment is excess-lime treatment to precipitate both calcium 
carbonate and magnesium hydroxide (Fig. 11.11). However, soda ash is not applied until 
the combined lime-treated flow (1 - X)Q and bypassed flow XQ enter the second stage. 
In second-stage flocculation and sedimentation, the excess lime in the treated flow reacts 
with the carbon dioxide and calcium bicarbonate to precipitate as calcium carbonate 
with no precipitation of magnesium hydroxide. Blending of these two flows neutralizes 
the pH and eliminates the need for recarbonation. Suspended solids in the overflow of 
the flocculator-clarifier are removed by filtration. 

Split-treatment calculations are illustrated in Examples 11.6 and 11.7. The solution 
in Example 11.6 is theoretically precise and calculations are in the same sequence as the 
treatment processes. Refer to the bar graphs in Fig. 11.12 in the order from top to bot¬ 
tom: (a) the raw water and bypassed water, (b) settled overflow from first-stage lime 
treatment, (c) combined bar graphs of treated and bypass flows entering the second 
stage, (d) after reaction of excess lime in the combined flows and removal of calcium 
carbonate precipitate, and (e) finished water after second-stage treatment with soda ash 
and final granular-media filtration. 

The solution in Example 11.7 is a somewhat simplified method of calculations for 
split treatment of the same raw water as in Example 11.6. Although the results are ap¬ 
proximately the same, the process is not theoretically correct. The calculated chemical 
dosages for the first stage are identical to those for separate excess-lime treatment. The 
bar graphs in Fig. 11.13 summarize the results: (a) the raw water and bypassed water 
as in Fig. 11.12, (b) the first stage after excess-lime treatment, with additions of both 
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C 02 



Na'^ 

HCO 3 - 

S04^" 

cr 


0.5 


3.2 
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0.1 


CaS 04 

2.900 

2 . 700 I 3.400 




MgS 04 Na 2 S 04 NaCl 



3 

Na"" 


COj^- 

S04^~ 

cr 


0 I 0.800 
0.200 


(b) 


3.000 I 
3.400 


0.188 0 


3.889 4.689 5.189 


CO 2 


COj*" Ca^^ 

_ \1 _ 


Na^ 

OH" 

I 

HCO 3 " 

S04^" 

cr 


0.188 0 


1.014 1.389 


2.589 


4.789 5.189 


(c) 

2.273 


3.073 3.573 


HCO 3 - Ca^^ 


Na^ 

C 03 ^~ 

I 

S04^" 

cr 


I 0.973 
0.600 

0.973 


(d) 


1.773 


3.173 3.573 


3.573 


Ca^'*’ 

HC93- 

Mg^^ 

Na-' 

COa^" 

r 

S04^" 

cr 
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Figure 11.12 Milliequivalent bar graphs for Example 11.6. (a) Bar graph and 
hypothetical chemical combinations in the raw water, (b) Bar graph of the water 
after first-stage treatment with lime, (c] Unreacted combination of the first- 
stage effluent times 0.625 plus the bypassed flow times 0.375. (d) Hypothetical 
graph after reaction of the excess lime in the combined flows, (e) Bar graph of 
finished water after second-stage treatment with soda ash, sedimentation, and 
final filtration. 


lime and soda ash, and (c) the finished water after combining the treated and bypassed 
flows. This bar graph differs only slightly from the bar graph of finished water from 
Example 11.6. 


Coagulation and Softening 

Addition of a coagulant or a coagulant aid may result in more efficient removal of the 
hardness precipitates formed in lime-soda softening. Alum is the prevalent coagulant 
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Lime softening is often used to treat hard surface waters. Improved coagulation and 
turbidity removal usually result from lime-soda softening, as compared to simple co¬ 
agulation, because of the greater quantity of precipitate formed in chemical treatment 
processes. 


■ EXAMPLE 11.6 Consider the split-treatment softening of water described by the 
following analysis. Criteria for the finished water are a maximum permissible magnesium 
hardness of 40 mg/1 as CaCO^ and calcium hardness in the range 40-60 mg/1. 


CO, 

= 0.5 

meq/1 

HCOj- 

= 3.2 meq/1 

Ca=+ 

= 3.5 

meq/1 

SO,^~ 

= 2.2 meq/1 

Mg’-" 

= 1.8 

meq/1 

Cl- 

= 0.4 meq/1 

Na" 

= 0.5 

meq/1 



for the 

fraction of bypassed flow 

using Eq. (11.52) gives 


40 - 10 30 ^ 

X = - = — = 0.375 

(l.8)(50) - 10 80 

The first-stage flow is therefore 

I - X = \ - 0.375 = 0.625 


The lime and soda ash required for treatment are as follows: 


Component 

meq/1 

Lime 


Soda ash 

First-stage flow 

Bypassed flow 

CO, 

0.5 

0.625 X 0.5 = 0.313 

0.375 X 0.5 

= 0.188 

0 

Ca(HCO0, 

3.2 

0.625 X 3.2 = 2.000 

0.375 X 3.2 

= 1.200 

0 

CaS 04 

0.3 

0 


0 

0.3 

MgS04 

1.8 

0.625 X 1.0 = 0.625 


0 

1.0 



2.938 


1.388 

1.300 


The lime dose for MgS 04 is for only 1.0 meq/1 of the 1.8 meq/1, since 0.8 raeq/1 of Mg 
(40 mg/1 of magnesium hardness) is the allowable concentration in the finished water. 

The lime addition to the first stage is 

2.938 -h 1.388 = 4.326 meq/1 =121 mg/1 of CaO 

The soda ash addition to the second stage is 

1.300 meq/1 = 69 mg/1 of Na 2 C 03 

The hypothetical bar graphs of the water at various stages, of treatment are shown 
in Fig. 11.12. The first bar graph showing the hypothetical combinations is for the raw 
water. All of the lime is applied to this water in the first stage. Since only 0.625Q of the 
influent is treated, the lime addition relative to the full bar graph is the actual amount of 
4.326 meq/1 divided by 0.625 to equal 6.922 meq/1. Reacting with this applied lime are 
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0.5 meq/1 of CO 2 [Eq. (11.44)], 3.2 of Ca(HC 03)2 [Eq. (11.45)], and 1.8 of MgS 04 
[Eq. (11.48a)]. The excess lime remaining after these reactions equals 6.922 - (0.50 + 
3.20 + 1.80) = 1.422 meq/1, which is greater than the required minimum of 1.25 meq/1 
for Mg(OH )2 precipitation. The 0.3 meq/1 of CaS 04 do not react, and the 1.8 meq/1 of 
MgS 04 are converted to CaS 04 [Eq. (11.48a)]. The practical limits of removal are as¬ 
sumed to be 0.60 meq/1 of CaCOs and 0.20 meq/1 of Mg(OH) 2 . Figure 11.12(b) is a bar 
graph for the settled effluent from the first stage. 

The next step is the reaction between the first-stage effluent and the untreated by¬ 
passed flow. Figure 11.12(c) is a bar graph of the combined flow without considering 
any reactions. It was drawn by adding Fig. 11.12(a) times 0.375 to Fig. 11.12(b) times 
0.625. The 1.014 meq/1 of Ca(OH )2 reacts with the CO, and Ca(HC 03 )2 to form CaCOs, 
which precipitates, leaving 0.60 meq/1 of CaC 03 in solution. Figure 11.12(d) is a hy¬ 
pothetical bar graph after reaction of the excess lime in the first-stage effluent with the 
CO 2 and Ca(HC 03)2 in the bypassed flow. 

In the second stage, 1.30 meq/1 of soda ash (NajCOs) are added and react with 
1.30 meq/1 of CaS 04 to precipitate 1.30 meq/I of CaCOs in accordance with Eq. (11.49a). 
The net effect in the bar graph is the replacement of 1.30 meq/1 of Ca with Na. The 
finished water after sedimentation and filtration is graphed in Fig. 11.12(e). 

The finished water has the following calculated alkalinity and hardness values: 

alkalinity = 0.973 X 50 = 49 mg/1 

calcium hardness = 0.973 X 50 = 49 mg/1 

magnesium hardness = 0.800 X 50 = 40 mg/1 

total hardness = 49 + 40 = 89 mg/1 ■ 

■ EXAMPLE 11.7 This is an alternate solution to the split-treatment softening of the 
water described in Example 11.6. Although less precise, these calculations result in 
similar answers. 

Solution: From Example 11.6, X = 0.375 and (1 — X) = 0.625. 

From the meq/1 bar graph of the raw water in Fig. 11.13, the hypothetical 
combinations are Ca(HC 03 ) 2 , CaS 04 , and MgS 04 . Calcium hardness = 3.5 X 50 = 
175 mg/1 as CaCOs, and magnesium hardness = 1.8 X 50 = 90 mg/1. 

The lime and soda ash for excess-lime softening are as follows: 


Component 

meq/1 

Applicable 

equation 

Lime 

meq/1 

Soda ash 
meq/1 

CO 2 

0.5 

(11.44) 

0.50 


Ca(HC03)2 

3.2 

(11.45) 

3.20 


CaS 04 

0.3 

(11.49a) 


0.30 

MgS04 

1.8 

(11.48a) & (11.49a) 

1.80 

1.80 




5.50 

2.10 
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0.5 0 


3.5 


5.3 5.8 


COj 

Ca'"- 


Na-^ 

HCO3- 

0 

00 

cr 


0.5 0 


CO, 
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Figure 11.13 Milliequivalent bar graphs for Example 11.7. (a) Bar graph and 
hypothetical chemical combinations in the raw water, (b) Bar graph of the water 
after excess-lime-soda ash softening, (c) Bar graph of finished water after 
second-stage blending, sedimentation, and final filtration. 

Flow passing through the first stage is processed as excess-lime treatment. How¬ 
ever, the chemical additions are reduced by multiplying by 0.625, since this is the frac¬ 
tion of raw water being treated. 

lime required = stoichiometric quantity + excess lime 

= 0.625[(5.50 X 28) -h 35] = 118 mg/1 of CaO 
soda ash required = 0.625(2.10 X 53) = 69 mg/1 of Na 2 C 03 

Figure 11.13(a) is the bar graph of the bypassed flow, and Fig. 11.13(b) is the bar 
graph of the water after first-stage excess-lime treatment. These two are blended in the 
second stage, where excess lime reacts with the untreated water. The amount of excess 
hydroxide ion in the mixed flows is equal to 

0.625(1.25 4- 0.20) = 0.906 meq/1 of OH- 
The other components of interest in the blended water are 

CO 2 = 0.375 X 0.50 = 0.188 meq/1 
Ca(HC 03)2 = 0.375 X 3.20 = 1.20 meq/1 
First, the carbon dioxide is eliminated by the excess lime, 

0.906 — 0.188 = 0.718 meq/1 of OH" remaining 








450 CHAPTER 11 Chemical Treatment Processes 

Then, the balance of the hydroxide ion reacts with calcium bicarbonate, reducing it to 

L20 - 0.718 = 0.48 meq/1 of CaCHCO.,), 

Final calcium hardness equals this remainder plus the limit of calcium carbonate 
removal. 


0.48 + 0.60 = 1.08 meq/1 = 54 mg/1 as CaCOj 
and magnesium hardness in the finished water is 

0.375 X 1.80 + 0.625 X 0.20 = 0.80 meq/1 

= 40 mg/1 as CaCO^ 

for a total hardness of 94 mg/I. 

The sulfate ion and chloride ion concentrations are unchanged from the raw water, 
2.20 meq/1 and 0.40 meq/1, respectively. The carbonate ion concentration is at the prac¬ 
tical limit of CaCOs removal equal to 0.60 meq/1. 

Figure 11.13(c) is the bar graph of the finished water after second-stage sedimen¬ 
tation and filtration. ■ 


11.13 Cation Exchange Softening 


The hardness-producing elements of calcium and magnesium are removed and replaced 
with sodium by a cation resin. Ion exchange reactions for softening may be written 


NajR + 



[(HCO,). p T r2NaHCO, 

]S04 TMr + iNa,S04 

icu UNaCl 


(11.53) 


where R represents the exchange resin. They show that if a water containing calcium 
and magnesium is passed through an ion exchanger, these metals are taken up by the 
resin, which simultaneously gives up sodium in exchange. 

After the ability of the bed to produce soft water has been exhausted, the unit is 
removed from service and backwashed with a solution of sodium chloride. This removes 
the calcium and magnesium in the form of their soluble chlorides and at the same time 
restores the resin to its original sodium condition. The bed is rinsed free of undesirable 
salts and returned to service. The governing reaction may be written 



R + 2NaCl NajR + 


Ca 

Mg 


Cl, 


(11.54) 


A majority of ion exchange softeners are the pressure type, with either manual or 
automatic controls. They normally operate at rates of 6-8 gpm/fF of surface filter area. 
A water meter is usually employed on the inlet or outlet side. For manual-type opera¬ 
tions, this meter can be set to turn on a light or sound an alarm at the end of the 
softening run. 

About 8.5 lb of saltis required to regenerate 1 ft-’ of resin and remove approximately 
4 lb of hardness in a commercial unit. The reduction is directly related to the amount of 
cations present in the raw water and the amount of salt used to regenerate the resin bed. 
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11.14 Radionuclides Removal by Lime-Soda Ash Softening 

The natural radionuclides of interest in water are within the decay series of uranium 
(U-238), actinium (U-235), and thorium (Th-232). The U-238 decay series (i.e., Rn- 
222, Ra-226, and U) are of primary health concern because of their relatively high ex¬ 
posure associated with drinking water [6]. Radon-222 gas is a health risk because of the 
alpha dose to the lungs. Although little is ingested from drinking water, Rn-222 gas can 
be released to the air during normal domestic water use. Radon-222 sources are almost 
exclusively confined to groundwaters. Radium, uranium, and artificial radionuclides are 
a health risk by ingestion. Radium is found primarily in groundwaters, uranium in both 
groundwaters and surface waters, and artificial radionuclides in surface waters. 

The most significant exposures to radioactivity in drinking water occur in small 
public and private shallow groundwater supplies. The removal from large water supplies 
can be achieved by conventional treatment methods. Aeration is effective for removal 
of Rn-222 because of its high volatility and short half-life of 3.8 days. Traditional sur¬ 
face water treatment by coagulation and filtration is effective for removal of artificial 
radionuclides for the degree of contamination normally expected. 

The best process for removal of radium and uranium from groundwaters is precipi¬ 
tation by lime-soda ash softening at pH > 10. The removal efficiency is generally 
80%-90% [7]. The recommended disposal of lime sludge containing the radionuclides 
is by spreading on land or by landfill. 

IRON AND MANGANESE REMOVAL 

✓ 

Iron and manganese in concentrations greater than 0.3 mg/1 of iron and 0.05 mg/1 of 
manpnese stain plumbing fixtures and laundered clothes. Although discoloration from 
precipitates is the most serious problem associated with water supplies having excessive 
iron and manganese, foul tastes and odors can be produced by growth of iron bacteria 
in water distribution mains. These filamentous bacteria, using reduced iron as an energy 
source, precipitate it, causing pipe encrustations. Decay of the accumulated bacterial 
slimes creates offensive tastes and odors. 

Dissolved iron and manganese are often found in groundwater from wells located 
in shale, sandstone, and alluvial deposits. Impounded surface water supplies may also 
have troubles with iron and manganese. An anaerobic hypolimnion (stagnant bottom- 
water layer) in a reservoir dissolves precipitated iron and manganese from the bottom 

muds, and during periods of overturn these minerals are dispersed throughout the entire 
depth. 


n. 15 Chemistry of Iron and Manganese 

Iron (II) (Fe2+) and manganese (II) (Mn^^) are chemically reduced, soluble forms that 
exist in a reducing environment (absence of dissolved oxygen and low pH). These con- 
itions exist in groundwater and anaerobic reservoir water. When it is pumped from 
underground or an anaerobic hypolimnion, carbon dioxide and hydrogen sulfide are 
re eased, raising the pH. In addition, the water is exposed to air, creating an oxidizing 
environment. The reduced iron and manganese start transforming to their stable, oxi¬ 
dized, insoluble forms of iron (III) (Fe^^) and manganese (IV) (Mn'‘+). 
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The rate of oxidation of iron and manganese depends on the type and concentration 
of the oxidizing agent, pH, alkalinity, organic content, and presence of catalysts [8]. 

Oxygen, chlorine, and potassium permanganate are the most frequent oxidizing 
agents. The natural reaction by oxygen is enhanced in water treatment by using spray 
nozzles or waterfall-type aerators. Chlorine and potassium permanganate (KMn 04 ) are 
the chemicals commonly used in iron- and manganese-removal plants. Oxidation reac¬ 
tions using potassium permanganate are 

3Fe2+ -f- Mn04~ 3Fe^+ + MnOa (11.55) 

SMn^"^ + 2Mn04~ 5Mn02 (11.56) 

Rates of oxidation of the ions depend on the pH and bicarbonate ion concentration. 
The pH for oxidation of iron should be 7.5 or higher; manganese oxidizes readily at 
pH 9.5 or higher. Organic substances (i.e., humic or tannic acids) can create complexes 
with iron (II) and manganese (II) ions, holding them in the soluble state at higher pH 
levels. If a large concentration of organic matter is present, iron can be held in solution 
at pH levels of up to 9.5. 

Copper ions and silica have a catalytic effect on the oxidation of iron and manga¬ 
nese f9]. The presence of about 0.1 mg/1 of copper increases the rate of iron oxidation 
5-6 times. Silica increases oxidation rates of both metals. Manganese oxides are 
catalytic in the oxidation of manganese. Tray aerators frequently contain coke or stone 
contact beds through which the water percolates. These media develop and support a 
catalytic coating of manganese oxides. 


11.16 Preventive Treatment 

When an industry or city is confronted with iron and manganese problems, solutions are 
difficult and probably costly. Treatment of the water supply is the only permanent an¬ 
swer. Control and preventive measures can be employed with expectation of reasonable 
success. 

Polyphosphates have been effective in sequestering iron and manganese in some 
well water supplies [8]. When applied at the proper dosage, before oxidation of the iron 
and manganese occurs, polyphosphates tend to hold the metals in solution and suspen¬ 
sion, preventing destabilization and, thus, stopping agglomeration of the individual tiny 
particles of iron and manganese oxides. The concept is that the sequestered metals will 
pass through the distribution system without creating discolored water. Nevertheless, 
oxidized particles often settle out and collect in water mains at times when the velocities 
of flow in the pipes are low and in storage reservoirs during quiescent periods. Then, 
when the velocities of flow increase and when water in storage is agitated, these particles 
are resuspended in the water at much higher concentrations than in the raw water. The 
scouring and mixing flows can be caused by the dramatic increase in water consumption 
(e.g., because of lawn watering in the spring of the year), operation of well or booster 
pumps in the distribution system that have not been used for several weeks or months, 
and sudden withdrawals of water from hydrants. 

Growth of iron bacteria also gravitates the adverse effects of iron and manganese 
UO]. Some of the iron bacteria are autotrophs that oxidize soluble iron (II) to insoluble 
iron (III) for energy and use carbon dioxide as a carbon source. Filamentous Crenothix 
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grow in sheaths impregnated with ferric hydroxide that form reddish-colored slimes. 
Crenothix infestations in distribution systems are often widespread, since these bacteria 
produce and release vast numbers of spores that can be carried throughout the pipe 
network. Leptothrix, a member of the genus Sphaerotilus, grow on iron (II) and organic 
matter. Their growth may be accompanied by a musty odor, which changes to a foul 
odor upon their death. Also associated with decay of the slime growth, sulfate-reducing 
bacteria can release hydrogen sulfide, giving the water a rotten-egg odor. Manganese 
oxidation is also attributed to several species of iron bacteria. 

No easy or inexpensive way exists for controlling the chemical and bacterial oxi¬ 
dation of iron and manganese. Periodic flushing of small distribution pipes can be effec¬ 
tive in removing accumulations of oxide particles; however, elimination of iron bacteria 
is generally impossible. Heavy chlorination of isolated sections of water mains followed 
by flushing may be effective for a limited time. If chlorine is continuously added for 
disinfection, the rate of oxidation of iron and manganese is increased and the problem 
of colored water is likely to become more severe. The only permanent solution is treat¬ 
ment to remove iron and manganese from the raw water before distribution in the pipe 
network. 


11.17 Iron and Manganese Removal Processes 
Aeration - Sedimentation - Filtration 

The simplest form of oxidation treatment uses plain aeration. The units most commonly 
employed are the tray type, where a vertical riser pipe distributes the water on top of a 
series of trays, from which it then drips and spatters down through a stack of three or 
four of them. Soluble iron is readily oxidized by the following reaction; 

2Fe(HCO02 + 0.50, -f H,0 = 2Fe(OH), + 4 CO 2 (11.57) 

Manganese cannot be oxidized as easily as iron, and aeration alone is generally not 
effective. If, however, the pH is increased to 8.5 or higher (by the addition of lime, soda 
ash, or caustic soda), and if aeration is accompanied by contact with coke beds coated 
with oxides in the aerator, catalytic oxidation of the manganese occurs. 

In plants using the aeration-sedimentation-filtration process, most of the oxidized 
iron and manganese is removed by a granular-media filter. Flocculant metal oxides are 
not heavy enough to settle out in the settling basin. The main function of the basin is to 
allow sufficient reaction time for oxidation to proceed to near completion. 

Aeration - Chemical Oxidation - Sedimentation -Filtration 

This sequence of processes is the usual method for removing iron and manganese from 
well water without softening treatment. Contact tray aeration is designed to displace 
dissolved gases (i.e., carbon dioxide) and initiate oxidation of the reduced iron and 
manganese. 

Either chlorine or potassium permanganate can chemically oxidize the manganese. 
When chlorine is utilized, a free available chlorine residual is maintained throughout the 
treatment process. The rate of manganese (II) oxidation by chlorine depends on the pH, 
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the chlorine dosage, mixing conditions, and other factors. Copper sulfate is a catalyst in 
the oxidation of manganese. 

Theoretically, 1 mg/1 of potassium permanganate will oxidize 1.06 mg/1 of iron or 
0.52 mg/1 of manganese [Eqs. (11.55) and (11.56)]. In actual practice, however, the 
permanganate necessary for oxidation of the soluble manganese is less than the theo¬ 
retical requirement. One main advantage of potassium permanganate oxidation is the 
high rate of the reaction, many times faster than for chlorine. Also, the rate of reaction 
is relatively independent of the hydrogen ion concentration within a pH range of 5-9. 

Filtration following chemical oxidation and sedimentation is very important. Prac¬ 
tice has shown that filters pass manganese unless grains of the media are coated with 
metal oxides. This covering develops naturally during filtration of manganese-bearing 
water. The coating serves as a catalyst for the oxidation and removal of manganese. 

Water Softening 

Lime-soda ash softening takes out iron and manganese. If split treatment is employed, 
potassium permanganate can oxidize the iron and manganese in water, bypassing the 
first-stage excess-lime treatment. Lime-soda ash softening should be given careful con¬ 
sideration as a possible process for treating a hard water requiring iron and manganese 
elimination. 

Lime treatment has been used to remove organically bound iron and manganese 
from surface water. The process scheme aeration-coagulation-lime treatment-sedi¬ 
mentation-filtration can treat surface waters containing color, turbidity, and organically 
bound iron and manganese. 


Manganese Zeolite Process 


Manganese zeolite is made by coating natural greensand (glauconite) zeolite with ox¬ 
ides. Manganese dioxide removes soluble iron and manganese until it becomes de¬ 
generated [Eq. (11.58)]. The filter is regenerated by using potassium permanganate 
[Eq. (11.59)]. 


Mn^- Z-Mn^O^ + 
Z— MnaOs 4- KMn04 —> Z—Mn02 


Fe^-^ 

Mn^" (11.58) 

.Mn^+ 

(11.59) 


Manganese zeolite filters are generally pressure filters. 

Disadvantages of the regenerative-batch process are the possibility of soluble- 
manganese leakage when the bed is nearly degenerated and the waste of excess potas¬ 
sium permanganate needed to regenerate the greensand. These two drawbacks have been 
substantially overcome by continuously supplying a feed of potassium permanganate 
solution ahead of a dual-media filter of anthracite and manganese zeolite. Figure 11.14 
is a schematic flow diagram of a continuous-flow system ahead of a pressure filter. The 
anthracite filter media remove most insolubles, thereby reducing the problem of plug¬ 
ging the greensand. A continuous feed of permanganate reduces the frequency of green- 
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Figure 11.14 Schematic flow diagram for removal of iron and 
manganese from groundwater by the manganese-zeolite process using a 
dual-media pressure filter with manganese-treated greensand. 


sand regeneration. When the permanganate feed is less than the reduced iron and 
manganese in the water, excess iron and manganese are oxidized by the greensand. If a 
surplus is applied, it regenerates the greensand. 


■ EXAMPLE 11.8 A well water supply contains 3.2 mg/1 of iron and 0.8 mg/1 of 
manganese at pH 7.8. Estimate the dosage of potassium permanganate required for iron 
and manganese oxidation. 

Solution: The theoretical potassium permanganate dosages are 1.0 mg/1 per 1.06 mg/1 
of iron and 1.0 mg/1 per 0.52 mg/1 of manganese. Therefore, 


KMn 04 required = 


3.2 X 1.0 , 0.8 X 1.0 
1.06 0.52 


= 4.6 mg/1 


CHEMICAL DISINFECTION AND BY-PRODUCT FORMATION 

Chlorine is the common chemical used for disinfection of water and wastewater. One 
alternative to chlorine is chlorine dioxide, although it is usually applied for taste and 
odor control. Another alternative is ozone, but because of high cost it is rarely applied 
solely for disinfection. Other benefits attributed to ozonation are trihalomethane reduc¬ 
tion, taste and odor control, and improved coagulation. 


11.18 Chemistry of Chlorination 

Chlorine gas is soluble in water (7160 mg/1 at 20° C and 1 atm) and hydrolizes rapidly 
to form hypochlorous acid: 

Ch -h H,0 ^ HOCl -H + Cl- (11.60) 

Hydrolysis goes virtually to completion at pH values and concentrations normally ex¬ 
perienced in water treatment and waste treatment operations. 
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Figure 11.15 Effect of pH on the portions of hypochlorous acid 
(HOCI) and hypochlorite ion (OCh) present in water. 


Figure 11.15 shows the relationship between HOCI and OCl“ at various pH levels. 
Hypochlorous acid ionizes according to the following equation; 

HOCI ^ H^ + OCl- (11.61) 


[H^JLOCl-] 

[HOCI] 


(11.62) 


The dissociation rate from hypochlorous acid to hypochlorite ion is sufficiently rapid so 
that equilibrium is maintained even though the former is being continuously consumed. 
If a reducing agent is put into water containing free available chlorine, the unconsumed 
residual redistributes itself between HOCI and OCl~. 

Chlorine reacts with ammonia in water to form chloramines as follows; 


HOCI + NH 3 —> H 2 O + NH 2 CI (monochloramine) (11.63) 

HOCI +• NH 2 CI —> H 2 O + NHCI 2 (dichloramine) (11.64) 

HOCI + NHCI 2 —> H 2 O + NCI 3 (trichloramine) (11-65) 
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The chloramines formed depend on the pH of the water, the amount of ammonia 
available, and the temperature. In the pH range 4.5-8.5, monochloramine and dichlor- 
amine are formed. At room temperature, monochloramine exists alone above pH 8.5 
and dichloramine occurs alone at pH 4.5. Below pH 4.4, trichloramine is produced. 

Free available residual chlorine is that residual chlorine existing in water as hy- 
pochlorous acid or hypochlorite ion. Combined available residual chlorine is that 
residual existing in chemical combination with ammonia (chloramines) or organic 
nitrogen compounds. Chlorine demand is the difference between the amount added to 
a water and the quantity of free and combined available chlorine remaining at the end 
of a specified contact period. 

When chlorine is added to water containing reducing agents and ammonia, residu¬ 
als develop that yield a curve similar to that in Fig. 11.16. Chlorine reacts first with 
reducing agents present and develops no measurable residual, as shown by the portion 
of the curve extending from A to B. The chlorine dosage at B is the amount required to 
meet the demand exerted by the reducing agents (those common to water and waste- 
water include nitrites, ferrous ions, and hydrogen sulfide). 

The addition of chlorine in excess of that required up to point B results in the 
formation of chloramines. Monochloramines and dichloramines are usually considered 
together because there is little control over which will be formed. The quantities of each 
are determined primarily by pH. Chloramines thus established show an available chlo¬ 
rine residual and are effective as disinfectants. When all the ammonia has been reacted 
with, a free available chlorine residual begins to develop (point C on the curve). As the 
free available chlorine residual increases, the previously produced chloramines are oxi¬ 
dized. This results in the creation of oxidized nitrogen compounds, such as nitrous ox¬ 
ide, nitrogen, and nitrogen trichloride, which in turn reduce the chlorine residual, as 
seen on the curve between C and D. 

Once most of the chloramines are oxidized, additional chlorine applied to the water 
creates an equal residual, as indicated by the rising curve at point D. Point D is generally 
referred to as the breakpoint; beyond it, all added residual is free available chlorine. 



Figure 11,16 Chlorine residual curve for breakpoint 
chlorination. 
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Some resistant chloramines can still be present beyond D, but their relative importance 
is small. 

Hypochlorites (salts of hypochlorous acid) may be used for chlorination at small 
installations such as swimming pools and in emergencies. Since hypochlorites are more 
expensive, liquid chlorine is applied in most water treatment plants in the United States. 
Calcium hypochlorite, Ca(OCl) 2 , is available commercially in granular and powdered 
forms that contain about 70% available chlorine. Sodium hypochlorite (NaOCl) is 
handled in liquid form at concentrations between 5% and 15% available chlorine. These 
salts in water solution yield the hypochlorite ion directly. 

Feeding of chlorine involves controlled dissolution of the gas into a carrier water 
supply for delivery to the point of application and blending with the water or wastewater 
being chlorinated. Direct feed of chlorine gas into a pipe or channel is not practiced for 
safety reasons, e.g., the danger is pipes leaking gas outside the controlled environment 
of the chlorine room. Figure 11.17 is a schematic diagram of a vacuum chlorinator and 
ejector suitable for a small system. Chlorine is shipped as a liquid in pressurized steel 
cylinders ranging in size from 100 lb to 1 ton. As gas is released, the liquid vaporizes, 
yielding about 450 volumes of gas per volume of liquid. To start the flow of gas from 
the cylinder, water under pressure is pumped at high velocity through the ejector throat 
to draw a vacuum on the regulator. The safety features of the regulator are that the gas 
cannot be released except under vacuum, and the regulator case is vented to release the 
gas outside the room if the diaphragm leaks. The rate of flow is controlled by the rate- 
control valve on the regulator, and the flow can be observed by the rotameter. The ejector 
aissolves the gas in water, and this concentrated solution is piped to the water being 
ti\ Mted. Moist chlorine gas is extremely corrosive, so piping and dosing equipment are 
n metallic or a special alloy. The yellow-green chlorine gas is poisonous, causing re- 
sp .atory and eye irritation at very low concentrations and physiologic damage at high 
doses. Chlorine feeding rooms and storage areas must be kept cool and ventilated. 
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Figure 11.17 Gas chlorinator with a vacuum regulator mounted on a cylinder 
and an ejector to dissolve the chlorine in water for conveying a strong solution to 
the point of application. (Courtesy of Capital Controls, Inc.) 
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Figure 11.18 Automatic proportional-controi system for feeding to a constant 
preestablished chlorine residual. 


A manual-control chlorinator, as illustrated in Fig. 11.17, is appropriate for a small 
treatment plant or well water supply discharging water at a nearly constant rate of flow. 
For large facilities, controlling the chlorine rate of feed based on water flow rate or 
chlorine residual is important for reliable performance and economical operation. The 
automatic proportional-control system illustrated in Fig. 11.18 adjusts the feed rate to 
maintain a constant preset dosage for all rates of flow. The chlorine feeder is responsive 
to signals from both the flowmeter transmitter and the chlorine residual analyzer. In this 
manner rate-of-flow measurement is the primary feed regulator, and residual monitoring 
trims the dosage. At some installations, it may be satisfactory to proportion feed to flow 
and thus apply a constant preset dosage without residual monitoring. However, this type 
of regulator is only satisfactory where chlorine demand and flow are reasonably constant 
and an operator is available to make adjustments as necessary. 


11.19 Chlorine Dioxide 

Chlorine dioxide has had limited application in the United States as a water disinfectant; 
meanwhile, it has been used for taste and odor control. It is manufactured at a water 
treatment plant by mixing solutions of sodium chlorite and chlorine in controlled pro¬ 
portions, as shown by Eq. (11.66) [11]: 

2 NaC102 + CU 2010, + 2NaCl (11.66) 

By maintenance of the pH in the reactor at about 3.5, the production of CIO 2 is 
optimized with minimum residuals of unreacted chlorine or chlorite. A mineral acid 
such as HCl or H 2 SO 4 can be added to reduce the pH in the reactor if necessary. Under 
good control, chlorine dioxide yields of 85%-90% are expected with solution concen¬ 
trations between 500 and 2000 mg/1. 

Disinfection using chlorine dioxide has several advantages. It is a strong bactericide 
and viricide over a wide pH range and forms a residual capable of persisting in the 
distribution system. Equally important in treatment of surface waters, chlorine dioxide 
reacts with neither nitrogenous compounds to form chloramines nor humic acids to form 
trihalomethanes. The greatest potential disadvantage is creation of chlorate and chlorite 
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residuals,- which are toxins. For this reason, the recommended limit for these residuals 
in drinking water is 1.0 mg/I. Second, the high cost of sodium chlorite makes CIO 2 
disinfection more expensive than chlorination. 


11.20 Ozone 

Ozone is a strong oxidizing gas that reacts with most organic and many inorganic mole¬ 
cules. It is more reactive than chlorine. The reactions are rapid in inactivating microor¬ 
ganisms, oxidizing iron, manganese, sulfide, and nitrite, and slower in oxidizing organic 
compounds like humic and fulvic substances, pesticides, and volatile organic com¬ 
pounds. Unlike chlorine, it does not react with water to produce disinfecting species but 
decomposes in water to produce oxygen and hydroxyl free radicals. Since it does not 
produce a disinfecting residual, chlorine is added to treated potable water before distri¬ 
bution for a protective residual. The half-life of ozone in water is approximately 10- 
30 min and shorter above pH 8; therefore, it must be generated on site. 

An ozOnaiion system consists of (1) air preparation or oxygen feed, (2) electric 
power supply, (3) ozone generation, (4) ozone contacting, and (5) ozone contactor ex¬ 
haust gas destruction. Ambient air is dried to prevent fouling of the ozone production 
tubes and to reduce corrosion. A common system uses desiccant dryers in conjunction 
with compression and refrigerant dryers. The voltage or frequency of the electrical 
supply is varied to control the rate of ozone production, which requires a specialized 
power source normally supplied by the generator manufacturer. Generators for water 
treatment usually employ a corona discharge cell. The cell consists of two electrodes 
separated by a discharge gap and a dielectric material across which high-voltage poten¬ 
tials are maintained. As the air or oxygen flows between the electrodes, ozone is pro¬ 
duced. If ambient air is used, the concentration of ozone is l%-3.5% by weight. This 
is an adequate concentration to dissolve enough ozone to attain the concentration- 
contact time necessary in water processing. When pure oxygen is used, the concentra¬ 
tion of ozone is approximately doubled. The common ozone contactor has two or three 
compartments in series with porous diffusers under a 16-ft water column, as sketched in 
Fig. 11.19. The water flows downward in each compartment counter to the rising fine 
bubbles of ozonated air. The covered tank increases the partial pressure of ozone and 
collects the head gases for disposal. Ozone in the exhaust gas must be destroyed or 


Exhaust gas 



Figure 11.19 Two-compartment ozone contactor with porous 
diffusers. 
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removed by recycling prior to venting, since the concentration of ozone exceeds air 
quality standards. When the ozone is generated from air, reducing ozone by the process 
of thermal-catalytic destruction is less expensive than recirculating the exhaust gas 
through the air preparation system. 

Ozone is rarely applied solely for disinfection because of the high cost relative to 
chlorine. In most cases, its application is for a combination of operations incorporating 
taste, odor, or color control, which is a common application; oxidation of humic organic 
substances that are precursors in the formation of trihalomethanes; destabilization of 
colloids; and inactivation of microorganisms. The only by-products that have been iden¬ 
tified with ozonation of water are detectable levels of aldehydes. The increased interest 
in application of ozone in potable water treatment relates to this absence of health- 
related by-products and the potential for destruction of many trace organic compounds. 

11.21 Chlorination By-Products 

Chlorination inactivates pathogenic microorganisms and oxidizes many organic mole¬ 
cules to carbon dioxide. In the treatment of surface waters and groundwaters containing 
humic substances, however, it also produces chlorinated by-products and incompletely 
oxidized compounds that are potential toxins. Studies involving chlorination of humic 
and fulvic acid precursors, isolated from waters, have improved the understanding of 
by-product formation during disinfection of water supplies. Many of the specific chemi¬ 
cal structures have been characterized and vary with chlorine-to-carbon (Cl/C) ratio, 
pH, time of reaction, and other factors [12]. The principal by-products at high Cl/C 
molar ratios of 3:1 or 4:1 are volatile hydrophobic compounds, mainly chloroform. In 
addition, a large variety of nonvolatile hydrophilic compounds are produced, including 
chlorinated and unchlorinated aromatic and aliphatic compounds. These appear to in¬ 
crease at lower pH and Cl/C molar ratios less than 1:1. At lower Cl/C ratios, which 
more closely approximate typical drinking water disinfection conditions, the humic acid 
precursors appear to support the formation of unchlorinated by-products, such as mono¬ 
basic and dibasic aliphatic acids, to a greater extent than do fulvic acid precursors. In¬ 
creasing the Cl/C ratio appears to drive both kinds of precursors toward chloroform 
production and a larger fraction of identifiable products. Nevertheless, the by-products 
represent only a small fraction of the initial organic matter [12]. 

An extensive study on the occurrence of disinfection by-products in 35 water treat¬ 
ment plants processing surface waters revealed that trihalomethanes (mainly chloro- 
torm, bromodichloromethane, and dibromochloromethane) accounted for about 50% of 
the total by-products on a weight basis [13]. Haloacetic acids were the next most signifi¬ 
cant fraction, accounting for about 25%, and aldehydes accounted for about 7%. Of the 
remaining by-products, none was present in a significant concentration. The median 
total trihalomethane concentration was 39 /xg/l, and the median haloacetic acids con¬ 
centration was 19 /ig/1 [13]. 

The evidence that trihalomethanes are capable of inducing cancer gives rise to a 
complex set of issues in risk assessment [12]. Convincing evidence that trihalomethanes 
are intrinsically carcinogenic to humans is lacking. Some epidemiologic studies have 
associated increased cancer risk with chlorination of drinking waters, but most studies 
have been seriously hampered by universal exposures, such as diet and smoking, and 
geographic migration in large populations. On the other hand, trihalomethanes are not 
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Table 11.5 Tumor Incidence in Male Rats Fed Chloroform in Drinking Water 


ANIMAL 

SEX 

TUMOR 

SITE 

DOSE 

(mg/kg-bw/d) 

TUMOR 

RATES 

Obsome-Mendel rats 

Male 

Kidney 

0 

4/301 




19 

4/313 




38 

4/148 




81 

3/48 




160 

7/50 


Source: Drinking Water and Health, Disinfectants and Disinfectiori By-products, National Research Council 
(Washington, DC; National Academy Press, 1987), p. 131. 

the only mutagenic and potentially carcinogenic by-products. Therefore, calculation of 
the levels of risk to humans, who consume drinking water containing these compounds, 
must rely on data that demonstrate the carcinogenicity of individual trihalomethanes in 
experimental animals [12]. 

The c^cinogenicity of chloroform in laboratory animals was studied by several 
researchers. The results of one study are shown in Table 11.5 [12]. Male rats were ad¬ 
ministered chloroform for 104 weeks in drinking water containing 0, 200,400,900, and 
1800 mg/1. Based on water intakes and body weights, the average doses were 0, 19,38, 
81, and 160 mg/kg body weight per day. The rats consuming the high-dose rate had a 
14% incidence of adenomas and adenocarcinomas of the renal tubules, which is the 
7/50 tumor rate shown in Table 11.5. The control group had a 1 % (4/301) incidence of 
tumors. Based on these laboratory data, the carcinogenic risk for chloroform estimated 
for humans from the linearized multistage mathematical model is 5.16 X 10"* for a 
lifetime risk and 8.9 X 10~* cancer risk for the upper 95% confidence level. This risk 
estimate expresses the probability of cancer in a person weighing 70 kg who has con¬ 
sumed 1 1 of water per day containing 1 /jug/l of chloroform for a lifetime of 70 years. 
At 2 1/d with a maximum contaminant level of 100 /i.g/1, the risk at the upper 95% 
confidence level increases to 1.78 X 10"^, and, therefore, lifetime exposure would be 
expected to produce one excess case of cancer for every 56,000 persons exposed for 
their lifetimes. If the maximum contaminant level were lowered to 25 yu-g/l, the risk 
decreases to 4,45 X 10 ® and lifetime exposure would be expected to produce one 
excess case of cancer for every 225,000 persons exposed. A trihalomethane standard 
of 25 ^g/1 or less would severely limit the use of free chlorine for drinking water 
disinfection. 


11.22 Control of Trihalomethanes 

Chlorination is the most common process for disinfecting and establishing a protective 
residual in water treatment because of its relatively low cost, ease of application, proven 
reliability, and residual detectability. At the same time, chlorine reacts with humic sub¬ 
stances commonly found in raw surface waters to form trihalomethanes, principally 
chloroform and bromodichloromethane. Decaying vegetation produces the humic sub¬ 
stances—humic and fulvic acids—referred to as precursors. 

Alternatives for reducing the production of trihalomethanes are to (1) change the 
point of chlorine application, (2) improve the removal of precursors prior to chlorina- 
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tion, and (3) use an alternative disinfectant. Moving the point of chlorine application to 
later stages in water treatment is the easiest method for reducing trihalomethane forma¬ 
tion. Prior to the mid-1970s, the common practice for taste and odor control and disin¬ 
fection was breakpoint chlorination of raw surface waters as the first step in processing. 
Now, chlorine is not added until after coagulation and sedimentation or, if previous 
control of microbial populations is not necessary, after filtration. The benefits of delayed 
chlorination are reduction in the required dosage and prior removal of precursors. 

Minimizing precursor concentrations prior to chlorination complements the alter¬ 
native of delaying and reducing chlorine additions. Optimizing chemical coagulation 
also has the benefits of reducing turbidity and removing other organic compounds. Pow¬ 
dered activated carbon applied in the early stages of treatment may adsorb humic sub¬ 
stances. Where trihalomethane formation cannot be controlled by improved clarification 
and filtration, predisinfection using chlorine dioxide or ozone may be considered. Both 
of these chemicals provide taste and odor control and disinfection, and ozone can im¬ 
prove flocculation and filtration. 

The alternative disinfectants are ozone, chlorine dioxide, and chloramines. If ozone 
is used as the primary disinfectant, secondary chlorination is needed to provide a disin¬ 
fectant residual in the water entering the distribution system. The major disadvantage of 
ozonation is high cost. Chlorine dioxide does not produce trihalomethanes, but a major 
portion can revert to the chlorite ion, which is a toxin. Chloramines are weak disinfec¬ 
tants and, except for establishing a residual to control bacteria, are of little benefit in 
inactivating vimses and protozoal cysts. 


DISINFECTION OF POTABLE WATER 

The Environmental Protection Agency has established maximum contaminant level 
goals of zero for Giardia lamblia and viruses of fecal origin for public water supplies. 
Since routine tests cannot be used to determine the presence of these microorganisms, 
treatment techniques have been established to ensure their removal and inactivation dur¬ 
ing water processing. Furthermore, because G. lamblia and viruses represent the most 
persistent pathogens, treatment for their removal ensures the absence of other pathogens. 
Although some water supplies may not contain significant numbers of these pathogens, 
demonstrating their absence by water quality monitoring is not feasible and cannot be 
used in lieu of applying the specified treatment techniques. The three categories of water 
supplies are (1) surface water open to the atmosphere and subject to surface runoff, 
(2) groundwater under the direct influence of surface water (i.e., containing algae, in¬ 
sects, or other macroorganisms, or experiencing significant and relatively rapid shifts in 
water characteristics), and (3) groundwater. 


11.23 Concept of the Ot Product 

Chemical inactivation of a specific species of microorganism is a function of disinfectant 
concentration and contact time. Other important factors are the kind of disinfectant, 
temperature, pH, viability of the microorganisms, and presence of suspended organic 
matter. 
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The .C-t concept is expressed as 


where 


k = O' X t (or O-t) (11.67) 

k = a constant for a specific microorganism exposed under specific 
conditions 
n = a constant 

C = disinfectant concentration, mg/1 

t = contact time required to inactivate a specified percentage of the 
microorganisms, min 


To apply this equation, results of several individual experiments with different disinfec¬ 
tant concentrations under identical conditions are plotted on double-logarithmic paper. 
For a selected degree of inactivation (e.g., 2.0 log or 99%), the t-versus-C plot produces 
a straight line with a slope of n. The C*r value remains constant when n = 1, regardless 
of disinfectant concentration; also, the concentration and contact time are of equal im¬ 
portance. The n values determined from experimental analyses on a variety of micro¬ 
organisms were in a broad range (0.5-2.0), with the majority between 0.8 and 1.2, 
averaging close to 1.0 [14]. Thus, for engineering practice, the C't values are based on 
the assumption that n = 1.0. 

The kind of disinfectant (chlorine, chlorine dioxide, chloramine, or ozone) has in¬ 
dividual characteristics that result in different C't values for the same conditions. All are 
influenced by water temperature such that a two- or threefold increase in inactivation 
rates results from a lO^C increase. Of the chlorine disinfectants, free chlorine is most 
influenced by pH because of the dissociation of HOCl to OCl' (Fig. 11.15). Hypochlo- 
rous acid, the stronger disinfectant species, is present in a proportion of about 98% 
below pH 6 and the hypochlorite ion, the weaker disinfectant species, is present in a 
proportion of 99% above pH 10. At intermediate pH values, the two chemical species 
are in equilibrium, and as one is consumed more rapidly in reactions, the proportions 
remain the same, with the concentration of each being decreased accordingly. In general, 
the order of resistance to chemical disinfection from least to greatest is bacteria, viruses, 
protozoal cysts, helminth eggs. Each category has a variety of species encompassing a 
wide diversity of sizes, life cycles, and other biological characteristics, including resis¬ 
tance to chemical disinfectants. Even within the same species, resistance can vary, e.g.. 
between those cultured in the laboratory and those found naturally in the environment. 
Protection by clumping, or being protected by organic matter, affects the kinetics of 
disinfection, thereby extending the required contact time. Consequently, turbidity reduc¬ 
tion in water treatment and suspended-solids removal in wastewater treatment are im¬ 
portant before applying disinfecting chemicals. 

Extensive evaluations of the inactivation of microorganisms by chemicals have 
been documented in several studies [12, 15]. The C-t values for 99% inactivation in 
Table 11.6 and summarized in the following statements are from Hoff [15]. The C't 
value for 99% inactivation of Escherichia coli by free chlorine at 5°C and pH 6 averaged 
0.045 mg/l'min. The C't values for 99% inactivation of poliovirus 1 by free chlorine at 
5°C and pH 6—7 averaged 1.1 and 2.0 mg/l*min in different studies; at pH 10 the aver¬ 
age was 10.5 mg/l*min. The C't values for 99% inactivation of G. lamblia (infective in 
huihans) by free chlorine at 5®C and pH 6 were 65-150 mg/l-min. For G. muris (infec- 
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Table 11.6 Summai^ of C • t Value Ranges for 99% Inactivation of Various 
Microorganisms by Disinfectants at 5°C 


MICROORGANISM 


DISINFECTANT 


FREE 

CHLORINE 
pH 6-7 

PREFORMED 
CHLORAMINE 
pH 8-9 

CHLORINE 
DIOXIDE 
pH 6-7 

OZONE 
pH 6-7 

E. coli 

0.034-0.05 

95-180 

0.4-0.75 

0.02 

Polio 1 

1.1-2.5 

m-2100 

0.2-6.7 

0.1-0.2 

Rotavirus 

0.01-0.05 

3800 - 6500 

0.2-2.1 

0.006-0.06 

G. lamblia cysts 

47->150 


— 

0.5-0.6 

G. muris cysts 

30 - 630 

— 

7.2-19 

1.8-2.0 


Some; I C. Hoff, Project Sununary, “Inactivation of Microbial Agents by Chemical Disinfectants,” EPA/ 
600/S2-86/067 (September 1986), p. 5. 


live in mice), the 99% values in different studies ranged from 68 mg/hmin at 3*C and 
pH 6.5 to greater than 150 mg/hinin at 5°C and pH 6. 

Animal infectivity data for cysts of G. lamblia were collected in studies by Hibler 
[16]. Isolates of G. lamblia acquired from several human sources were maintained by 
passage in Mongolian gerbils. Clean cysts from these animals at a concentration of 
1000 cysts/ml were exposed to selected free-chlorine concentrations for specified C*r 
values from 0.5° to 5°C and at pH values of 6, 7, and 8. At specified time intervals for 
each temperature and pH condition, the chlorine activity was chemically arrested and 
the cyst suspension was concentrated and washed. Five gerbils were fed 50,000 cysts 
that had been exposed to the chlorine solution. An equal number of positive control 
animals were each orally inoculated with 50 unchlorinated cysts maintained at the same 
temperature and pH. After 6-7 days, the gerbils were examined to determine the num- 
ber per group infected. A separate infectivity study of gerbils demonstrated that approxi¬ 
mately five cysts constituted an infective dose, which is 0.01% of the 50,000 dose of 
treated cysts fed to the test animals. If all five gerbils became infected, the C't during 
chlorination of the cyst culture produced less than 99.99% (4.0 log) inactivation, and if 
no gerbils were infected, the inactivation was greater than 99.99%. If some of the group 
were infected and others were not, the C't value was assumed to have produced 99.99% 
inactivation for the specified temperature and pH conditions, 

A regression analysis of the animal infectivity data yielded the equation 

C't = 0.985C«>’6pH2’57’-“'''’ (11.68) 

where 

C't = chlorine concentration times contact time for 99.99% 
inactivation of G. lamblia cysts, mg/l-min 
C = free chlorine concentration, mg/1 
T = temperature, °C 

Equation (11.68) was derived from experimental results for C in the range of 0.44- 
mg/1, pH of 6-8, and T of 0,5°-5°C. Extrapolating these values to calculate esti¬ 
mated C't values can be performed by assuming first-order kinetics. For example, C't 
va ues for 99.9%, 99%, and 90% would be three-quarters, one-half, and one-quarter of 
e calculated value for 99.99%, respectively. For temperature correction, the reaction 
rate can be assumed to double (a twofold increase) for a 10°C temperature increase. For 
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example, the C't values at 15°C and 25°C would be one-half and one-quarter of the 
calculated value at 5°C, respectively. For intermediate temperatures, use Eq. (11.29) to 
calculate the change in reaction rate. Extrapolated values are subject to error and should 
be considered only as estimated values. 

■ EXAMPLE n.9 Using Eq. (11.68), calculate the C't value for G. lamblia inacti¬ 
vation for a chlorine concentration of 2.0 mg/1, pH 7.0, and temperature of 5.0°C. 
Extrapolate this value to 99% and 99.9% inactivation and compare the results with the 
values given in Tables 11.6 and 11.7, respectively. 

Solution: 

For 99.99%, 

C't = 0.985(2.0)“'^®(7.0)2’5(5.o)-o 147 

= 185 mg/1‘min 

For 99%, 

C't = (1/2)185 = 93 mg/l*min 

The value of 93 mg/l*min is within the range of C't values of 47- > 150 mg/l*min given 
in Table 11.6 for 99% inactivation of G. lamblia by free chlorine at 5°C in the pH range 
of 6-7. 

For 99.9%, 

C't = (3/4)185 = 139 mg/l*min 

This value is slightly (16%) less than the C't value of 165 mg/l-min given in Table 11.7 
for 2.0 mg/1, pH 7.0, and 5°C. ■ 


Table 11.7 C t Values for 99.9% (5.0 Log) Inactivation of Ciardia Lamblia Cysts by Free 
Chlorine at Various Temperatures and pH Values 

free water TEMPERATURE 

RESIDUAL --—- 


CHLORINE 

(MG/L) 

pH 

0.5°C 

[(mg/l)-min] 

5°C 

[(mg/l)-min] 

10°C 

[(mg/l)-min] 

20°C 

[(mg/l)-minl 

<0.4 

6.5 

163 

117 

88 

44 


7.0 

195 

139 

104 

52 


7.5 

237 

166 

125 

62 


8.0 

277 

198 

149 

74 

1.0 

6.5 

176 

125 

94 

47 


7.0 

210 

149 

112 

56 


7.5 

253 

179 

134 

67 


8.0 

304 

216 

162 

81 

2.0 

6.5 

197 

138 

104 

52 


7.0 

236 

165 

124 

62 


7.5 

286 

200 

150 

75 


8.0 

346 

243 

182 

91 

3.0 

6.5 

217 

151 

113 

57 


7.0 

261 

182 

137 

68 


7.5 

316 

221 

166 

83 


8.0 

382 

268 

201 

101 


Source: Adapted from Guidance Manual for Compliance with the Filtration and Disinfection Requirements for 
Public Water Systems Using Surface Water Sources (Environmental Protection Agency, 1991). 
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11.24 Surface Water Disinfection 

The EPA rule for surface water treatment requires at least 99.9% (3.0 log) removal 
and/or inactivation of G. lamblia cysts and at least 99.99% (4.0 log) removal and/or 
inactivation of enteric viruses. These performance standards are generally achieved in 
well-operated conventional plants processing water by coagulation, sedimentation, fil¬ 
tration, and disinfection. Since C. lamblia cysts are very resistant to chlorine, the intent 
of this mle is to promote coagulation-filtration treatment for physical removal of a sub¬ 
stantial portion of the G. lamblia cysts. 

Treatment of surface water and groundwater under the direct influence of surface 
water is required to include filtration unless the source water meets stringent water qual¬ 
ity criteria. The fecal coliform concentration in the raw water must be equal to or less 
•than 20 per 100 ml, or total coliform concentration equal to or less than 100 per 100 ml, 
in at least 90% of the samples tested. The turbidity level cannot exceed 5 NTU except 
for an unexpected event, but the number of events cannot exceed two in the preceding 
12 months. A comprehensive watershed control program is mandated to minimize the 
potential for contamination by G. lamblia cysts and viruses, and a defined water quality 
monitoring schedule must be instituted. 

The disinfection requirement for unfiltered public water supplies is at least 99.9% 
(3.0 log) inactivation of G. lamblia cysts and 99.99% (4.0 log) inactivation of fecal 
viruses. The calculated C*/ value must be equal to or greater than those listed in 
Table 11.7. Only the C‘t for inactivation of G. lamblia cysts is necessary since the C't 
for a 4.0 log inactivation of viruses is a much lower value, equivalent to approximately 
a 0.5 log inactivation of cysts. Disinfection by chemicals other than chlorine must be 
demonstrated to be equally effective. The free-plus-combined chlorine residual in the 
water entering the distribution system cannot be less than 0.2 mg/1 for more than 4 hr, 
and the chlorine residual in the distribution system must be detectable in at least 95% of 
the samples tested each month. Where the residual is undetectable, a measurement of 
heterotrophic bacteria by a plate count of equal to or less than 500 per ml is deemed to 
be equivalent to a detectable chlorine residual. 

The procedure for calculating the C‘t for a treatment system is described in the 
Guidance Manual [17]. The C't is the summation of the calculated C't values before 
the water arrives at the first customer with the C being the free chlorine residual mea¬ 
sured at the end of each chlorination segment, in milligrams per liter, and the r being the 
calculated contact time of the segment, in minutes. For example, if chlorine were added 
at the pumping station as the water entered a pipeline and again as the water was dis¬ 
charged into a contact tank, the C't would be the chlorine residual measured in the 
discharge of the pipeline multiplied by the contact time in transit plus the residual at the 
discharge of the contact tank multiplied by the t^o time. The contact time in the pipeline 
IS the theoretical detention time, assuming plug flow. In chlorine contact tanks or storage 
reservoirs, the contact time can be determined by tracer studies. (Refer to Sections 10.6 - 
10.8.) The tracer tests should be conducted for at least four different flow rates. The 
residual tracer concentrations C measured at time intervals are normalized by dividing 
by the applied tracer concentration Co and plotted versus time, as in Fig. 11.20(a). The 
contact time r,Q is the time for 10% of the tracer to pass through the contact tank or 
reservoir. Figure 11.20(b) is a plot of /,o times versus flow rate that can be used to 
determine t for daily C't calculations. The contact time t used in computing the C't is 
ihe peak hourly flow for that day. 
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Time (min) Peak hourly flow rate (mgd) 

(a) (b) 

Figure 11.20 Tracer analyses of a chlorine contact tank to determine t,o times at 
peak hourly flow for calculating C • t values, (a) Normalized tracer output for a test 
applying a continuous tracer input, (b) A plot of the fio times for four tracer tests at 
different flow rates to draw a curve to determine t for calculating C • t values. 

Surface water plants that provide filtration are required to achieve at least 99.9% 
removal and inactivation of Giardia lamblia and 99.99% removal and inactivation of 
viruses by the total treatment system, including sedimentation after coagulation, if 
provided, granular-media filtration, and chemical disinfection. For filtration to be con¬ 
sidered effective in removal of G. lamblia cysts, the turbidity in the filtered water 
must be equal to or less than 0.5 NTU in at least 95% of the measurements taken each 
month. The recommended removals of pathogens achievable in conventional treat¬ 
ment (coagulation, flocculation, sedimentation, and filtration) are a 2.5 log reduction 
of G. lamblia cysts and a 2.0 log reduction of viruses [17]. Therefore, only 0.5 log 
of G. lamblia and 2.0 log of viruses need to be inactivated by chemical disinfection. 
For direct filtration (coagulation and filtration excluding sedimentation), the recom¬ 
mended removals are a 2.0 log reduction of cysts and a 1.0 log reduction of vimses, 
which leaves 1,0 log of cysts and 3.0 log of viruses for inactivation. Table 11.8 lists 
the C*r values for 90% (1.0 log) inactivation of G. lamblia cysts by various chemical 
disinfectants; the C't values for 0.5 log inactivation are equal to one-half the 1.0 log 
inactivation values. Recommended C‘t values for achieving different levels of virus 
inactivation are given in Table 11.9. For free chlorine, C’t values recommended for 

Table 11.8 C-t Values for 90% (1.0 Log] Inactivation of Giardia Lombiio Cysts®_ 


WATER TEMPERATURE 



0.5° C 

5°C 

10°C 

15°C 


pH 

[(mg/l)'min] 

[(mg/l)'min] 

[(mg/l)min] 

f(mg/l)-niin] 

Free chlorine'’ 

6 

49 

35 

26 

19 


7 

70 

50 

37 

28 


8 

101 

72 

54 

36 


9 

146 

146 

78 

59 

Preformed chloramine 


1300 

730 

620 

500 

Chlorine dioxide 


21 

8.4 

7.4 

6.3 

Ozone 


0.97 

0.63 

0.48 

0.32 


Source: Adapted from Guidance Manual for Compliance with the Filtration and Disinfection Requirements for Public 
Water Systems Using Surface Water Sources (Environmental Protection Agency, 1991). 

“ Ct values for 0.5-log inactivation are one-half those shown in table, 

'’Free chlorine values are based on a residual of 1.0 mg/1. 



Table 11.9 C t Values for Inactivation of Viruses at Various Temperatures and pH 6-9*=' _ 

_ WATER TEMPERATURE _ 

LOG 0.5“C 10°C 15°C 20°C 

INACTIVATION [(mg/l)min] [(ing/l)min] [(tng/l)min] [(mg/l)min] [(mg/l)-min] 

Free chlorine 2.0 6 4 3 2 1 
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G. lamblia inactivation also provide adequate virus inactivation. For other disinfec¬ 
tants, this may not be true. 

The residual chlorine (free chlorine plus chloramine) in the water entering the dis¬ 
tribution system cannot be less than 0.2 mg/1 for more than 4 hr, and a residual in the 
distribution system must be detectable in at least 95% of the samples tested each month. 
Where the residual is undetectable, a measurement of heterotrophic plate count equal to 
or less than 500 per ml is deemed equivalent to a detectable residual. 

Cryptosporidium was not included by the Environmental Protection Agency when 
the Surface Water Treatment Rule was promulgated because of insufficient data re¬ 
garding occurrence in surface waters and efficiency of removal by water filtration and 
disinfection processes. A revision of the Rule is expected to propose a maximum con¬ 
taminant level goal of zero for Cryptosporidium, treatment techniques for control, and 
required reductions of oocysts in water treatment [18]. 


■ EXAMPLE 11.10 A conventional surface water plant with coagulation, flocculation, 
sedimentation, and filtration produces a filtered water with a turbidity less than 0.4 NTU, 
pH 7, and temperature of 5°C on a day when the peak hourly flow is 3.0 mgd. After 
filtration, the water is chlorinated in a baffled reservoir with hydraulic characteristics as 
shown in Fig. 11.17. What is the required disinfection of the filtered water if free 
chlorine is used? 


Solution: For conventional treatment, a 2.5-log removal of G. lamblia is achieved by 
filtration, leaving 0.5-log inactivation required by disinfection. 

The required C't value for 1.0-log inactivation from Table 11.8 is 50 mg/l*min at 
pH 7 and 5° C. (Note that this value is based on a free residual of 1.0 mg/I. If a C't value 
for inactivation were given for a lower chlorine residual, it would be lower. In other 
words, C't values at a residual of 1.0 mg/1 are conservative for postchlorination, since 
levels above about 0.5 mg/I in drinking water are intolerable for most customers.) 

C't for 0.5-log inactivation = (1/2)50 = 25 mg/Fmin 

From Fig. 11.17(b), for a peak hourly flow rate of 3.0 mgd, the is 90 min. There¬ 
fore, the required free chlorine residual in the effluent from the baffled reservoir is 


C = 


25 mg/l*min 
90 min 


= 0.28 mg/1 


This chlorine residual also satisfies the requirement of a minimum residual of 
0.2 mg/1 for water entering the distribution system. * 


11.25 Groundwater Disinfection 

The Safe Drinking Water Act states: 

... the Administrator (of EPA) shall also promulgate national primary drinking water regu¬ 
lations requiring disinfection as a treatment technique for all public water systems, including 
surface water systems and, as necessary, (for) groundwater systems. [19] 

The first two of three specific categories of drinking water are surface water and 
groundwater under the direct influence of surface water that are both covered by the 
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Surface Water Treatment Rule. The third category is groundwater not under the direct 
influence of surface water, for which the need for disinfection is currently determined 
based on state and local requirements. 

The primary pathogens of concern in the contamination of groundwater are fecal 
viruses, since large pathogens such as Giardia cysts are removed by natural filtration 
through the vadose zone and aquifer. Testing for the presence of pathogenic viruses at 
low concentrations and identifying their species involve complex and difficult proce¬ 
dures. Furthermore, no indicative biological organism or substance has been identified 
to reliably confirm or deny the presence of enteric viruses. Thus, direct monitoring of 
well water to indicate the presence of enteric viruses (without concurrent coliform bac¬ 
teria) is not feasible. 

Scientific soundness is the foundation for disinfection standards for surface water 
and groundwater under the direct influence of surface water. Outbreaks of waterborne 
disease, typified by giardiasis, occurred in water systems with inadequately treated sur¬ 
face waters. Giardia cysts were found to be present in many surface waters used as 
sources for public water supplies. While plain chlorination was inadequate, full-scale 
and pilot-plant studies clearly demonstrated that treatment by chemical coagulation and 
filtration followed by chlorination was adequate for cyst and virus removal. Further¬ 
more, the adequacy of treatment could be monitored by measuring turbidity, which is 
an easy, reliable test. 

The Centers for Disease Control and Prevention (CDC), during the 6-year period 
1986-1992, reported 110 outbreaks of illness from consuming drinking water from a 
groundwater source. Only one of these 110 outbreaks was attributed to untreated ground- 
water in a community supply; the remainder were caused from contamination entering 
the distribution system [20]. Although outbreaks in transient and noncommunity sys¬ 
tems may be underreported, outbreaks in community systems under closer surveillance 
are more likely to be reported to the CDC. 

Some writers, in the absence of significant incidence of waterborne outbreaks, have 
proposed the theory of endemic disease resulting from public water supplies [21]. (In 
this context, endemic means constantly present at a significant level affecting individuals 
within a community rather than a large number of persons; not an epidemic.) Neverthe¬ 
less, no epidemiological evidence has been established to implicate untreated ground- 
waters in public water supply systems in endemic infectious disease. For other medical 
scientists, extending the waterborne-diseases model beyond cholera and typhoid to en¬ 
demic diarrheal disease without any proper scientific basis gives it exaggerated impor¬ 
tance [22], In the United States, almost all of the transmission of enteric viruses is 
through person-to-person transmission, fomites, and other close contact. The most ef¬ 
fective routes of transmission are probably droplets or ocular inoculation, not necessar¬ 
ily direct ingestion. 

Chlorination of groundwater supplies is the addition of chlorine to establish a “pro¬ 
tective” residual of 0.2-0.6 mg/1 of free chlorine as the water enters the distribution 
system. Public acceptance of chlorine residual varies, although most consumers object 
to a concentration greater than 0.5 mg/1. This chlorination is not disinfection based on 
the C't concept as applied by the Surface Water Treatment Rule. Well water not requir¬ 
ing treatment is commonly pumped directly into the pipe network without chlorination. 
In contrast, if groundwater is processed in a treatment plant, the water is always chlori¬ 
nated prior to distribution. 
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The practice of residual chlorination greatly reduces the probability of positive co¬ 
nform tests, since coliform bacteria are rapidly inactivated by a free chlorine residual. 
Based on the C*r value for E. coli in Table 11.6 inactivation time in a free chlorine 
residual of 0.5 mg/1 in water at 5°C is less than 0.1 min. For pathogens, the inactivation 
times are greater: Polio virus is 2-5 min and G. lamblia cysts 100-300 min. 

A rational assessment of the degree of protection of health provided by maintaining 
a chlorine residual in a distribution system supplied by groundwater is very difficult. (A 
chlorine residual in system-supplied surface waters is important to suppress the growth 
of numerous species of heterotrophic bacteria that survive treatment and regrow in the 
pipe network.) If the water in the system is contaminated with only 0.1% of wastewater 
containing low concentrations of bacterial and viral pathogens, a chlorine residual of 
0.2-0.4 mg/1 provides some protection. This chlorine residual, however, is no guarantee 
of protection if the percentage of wastewater is greater or concentrations of pathogens 
are high. The chlorine demand of the contaminating wastewater rapidly neutralizes the 
chlorine residual, and the pathogens survive. 

A potential disadvantage of residual chlorination of uncontaminated groundwater 
entering a distribution system is interference with coliform testing as an indicator of 
fecal pollution entering the system. If the supply is unchlorinated, the presence of con¬ 
forms in the water is a warning of the possibility of backflow contamination. Conversely, 
if the supply has a chlorine residual, the coliforms can be inactivated and not indicate 
the presence of more persistent viruses and protozoal cysts. The water utility personnel 
may never suspect that backflow at a low level of contamination is occurring in the 
absence of positive coliform tests. 

The best protection against contamination of water in a distribution system is to 
prevent backflow by installation of backflow preventers in high-risk service connections 
(e.g., hospitals and mortuaries) and enforcement of a plumbing code for all residential, 
commercial, and industrial buildings. In case of an unprotected system outlet, back- 
siphonage is prevented by maintaining adequate pressure in the supply mains to prevent 
reversal of flow. The risk of backflow is remote in a properly designed and operated 
water distribution system. A chlorine residual is not a substitute for a well-maintained 
system with backflow protection. 

Groundwater supplies are rarely treated based on the C't concept solely for disin¬ 
fection, although some systems may unintentionally achieve this level of disinfection. 
Examples are disinfection by lime-soda ash softening, iron and manganese removal 
using potassium permanganate or chlorine, and contact time in a long transmission main 
to the community from a well field where chlorine is applied to the water. Based on the 
C't concept, the only direct application of disinfection would be to treat a groundwater 
known to be contaminated with pathogenic bacteria and viruses as indicated by the 
presence of fecal coliforms or because the well has been identified as the source of an 
outbreak of waterborne disease. The appropriate level of disinfection, between 99% and 
99.99% virus inactivation, depends on the specific conditions as determined by the re¬ 
viewing authority. The C't values for inactivation of 99% (2.0 log) and 99.99% 
(4.0 log), which include safety factors (uncertainty factors), are listed in Table 11.9 for 
various temperatures for a pH range of 6-9. 

Methods of disinfection less common than chlorination in water disinfection are 
not feasible. Ozonation costs much more for installation, operation, and maintenance. 
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Ultraviolet light disinfection is not a proven technology in drinking water treatment. 
Disinfection reliability is a serious problem, since radiation has not been tested under 
field conditions for inactivation of viruses. Furthermore, neither of these processes can 
prpvide residual disinfection in water entering the distribution system. Therefore, if a 
disinfectant residual is required in the distributed water, chlorination would be required. 

Constmction of a drinking water well is a deliberate step-by-step process to ensure 
the best possible water quality and satisfactory quantity. Sites of potentially suitable 
hydrogeology are selected where the well location is isolated as far as possible from 
potential sources of contamination. At the preferred sites, a small-diameter monitoring 
well is drilled to collect soil samples to record the soil profile and to collect groundwater 
samples for quality testing. If suitable, the well is constructed in accordance with engi¬ 
neering standards specified for casing and screen, seal around the upper casing to pre¬ 
vent contamination from surface water, column pipe and turbine pump, and well house. 
Drinking water wells must be designed by a licensed professional engineer, and design, 
siting, field work, and testing supervised and approved by the appropriate state agency. 
Existing wells are protected against contamination by a state wellhead protection pro¬ 
gram, and periodic sanitary surveys are conducted by state personnel to ensure that no 
potential sources of contamination are located in the proximity of a well. 

■ EXAMPLE n.t 1 The transmission main from the well field to the community is 
2500 ft, the velocity of flow at peak pumping capacity is 3.5 fps, water temperature is 
lO^C, and pH is 7.5. If a free chlorine residual is applied at the well field and is 0.5 mg/1 
entering the distribution system, what is the log inactivation of viruses based on the data 
given in Table 11.9? 

Solution: 


travel time = --— = 11.9 min 

3.5 X 60 

C't = 11.9 X 0.50 = 6.0 mg/l*min 

From Table 11.9, log inactivation = 4.0 = 99.99% ■ 

■ EXAMPLE 11.12 Sketch a plan for a continuous-flow chlorine contact tank housed 
in a building to provide a 4 log (99.99%) vims reduction at 10® C for a well with a capacity 
of 400 gpm. Assume that the contact time is the time for 10% of the flow to pass through 
the contact tank as required in the Surface Water Treatment Rule (Fig. 11.20). 

Solution: From Table 11.9, the C-t for a 4 log reduction at 10°C equals 6 mg/l*min. 
Based on a tolerable chlorine residual of 0.5 mg/1 in the drinking water, 

contact time = 6/0.5 = 12 min 

A continuous-flow chlorine contact tank requires a much greater detention time 
because of short-circuiting and backmixing and the requirement that no more than 10% 
of the water can receive less than the required contact time of 12 min. Using a long and 
narrow chlorine contact channel with a length to width ratio of at least 40 to 1, the tia 
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From well 



X-section 


Figure 11.21 Plan-view sketch for Example 11.12 of a disinfection 
building with a continuous-flow chlorine contact tank to disinfect groundwater 
pumped from a drinking water well with a capacity of 400 gpm. 


time required for design is assumed to be 3 times greater than the theoretical detention 
time. Therefore, 

design detention time = 3 X 12 =36 min 

and 

design water volume = 400 X 36 = 14,400 gal 

= 1925 ft^ 

A plan-view sketch of the disinfection building is shown in Fig. 11.21. The channel 
is constructed as a serpentine open channel. Using a channel width of 3.5 ft and length 
of 157 ft, the liquid volume is 1924 ft^ and the length-to-width ratio equals 45 to 1. 

The treatment building is sized at 32 ft by 50 ft for a channel folded 4 times, chlo¬ 
rination equipment, inlet chamber with a vertical riser pipe from the well, outlet cham¬ 
ber for a vertical-turbine pump to discharge disinfected water to the distribution system, 
pump controls, laboratory bench, and storage area for supplies and tools. Water must be 
retained in the channel at all times to supply upon demand. The buildirig must be secure 
and have heating, lighting, ventilation, and utilities. * 
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DISINFECTION OF WASTEWATER 

The degree of wastewater disinfection depends on the uses of the receiving watercourse or 
direct reuse of the wastewater. In general, conventionally treated wastewaters discharged 
to recreational waters with adequate dilution are given only plain chlorination. Reclaim¬ 
ing water for reuse involving human contact or protection of sensitive aquatic organisms 
for a food source (e.g., shellfish) requires filtration prior to chemical disinfection. 


11.26 Conventional Effluent Disinfection 

The kinds and numbers of pathogens in wastewater depend on the health of the contrib¬ 
uting population. Although the concentrations of fecal microorganisms are reduced pro¬ 
gressively by each stage in wastewater treatment, the effluent still contains a remnant of 
those contributed to the wastewater in human excreta. The removal of microorganisms 
by conventional treatment processes are summarized in Table 11.10 [23]. Helminth eggs 
are most likely to be removed by primary sedimentation because of their large size. In 
contrast, bacteria and protozoa removals are generally greater in trickling filtration. 
Apparently they adhere to the fixed-film biological growths coating the filter media. 
Removals in the activated-sludge processing rank low because of the variability in op¬ 
erational control. If the suspended biological floe under aeration settle out of suspension, 
removals of all the kinds of microorganisms can be as high as 99%. When the activated- 
sludge floe are carried out in the effluent, however, removals of microorganisms are 
greatly reduced. Even though sedimentation and biological treatment are able to remove 
99% to 99.9% of microorganisms, the effluent still can contain significant concentra¬ 
tions of fecal viruses, bacteria, protozoal cysts, and helminth eggs. 

Wastewater effluents can be chlorinated to inactivate pathogens in an attempt to 
protect public health where discharges enter surface waters used for body-contact rec¬ 
reation or as municipal water supplies. Disinfection is accomplished by rapid mixing of 
the chlorine solution with the wastewater followed by contact with the chloramines 
formed when the chlorine reacts with ammonia present in the wastewater [Eqs. (11.63) 
and (11.64)]. Acceptable disinfection is defined by the reduction of fecal cpliforms to 
either less than 1000 per 100 ml or less than 200 per 100 ml, depending on the state 
standard. Some standards are more stringent and require pretreatment by granular-media 


Table 11.10 Removal of Microorganisms in Conventional Wastewater Treatment 


KIND OF 

microorganism 

PRIMARY 

SEDIMENTATION 

(%) 

TRICKLING 

FILTRATION 

(%) 

ACTIVATED 

SLUDGE 

(%) 

POSTCHLORINATION 

(%) 

Bacteria 

0-90 

0-99 

0-99 

99-99.99 

Viruses 

0-90 

0-90 

0-90 

— 


0-90 

0-99 

0-90 

$ 

Helminths 

0-99 

0-90 

0-90 

0 


ioune: Adapted from R. G. Feachem et al.. Sanitation and Disease, Health Aspects of Excreta and Wastewater Manage- 
•nm (Chichester: Wiley, 1983). 
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filtration. The requirement for effluent disinfection may also be seasonal, depending on 
recreational water use. Since biologically treated wastewater contains approximately 

I, 000,000 conforms per 100 ml, oxidative reduction of fecal coliforms from this large 
number to 200-1000 per 100 ml destroys most bacteria (Table 11.10). Nevertheless, 
viruses and protozoal cysts are more resistant to chlorination than are bacteria, and hel¬ 
minth eggs are unharmed. Furthermore, the presence of suspended solids inhibits dis¬ 
infection by harboring viruses within floe material, shielding them from the action of 
the chlorine. 

An efficient chlorination system provides initial contact of the chlorine solution 
with the wastewater during mixing, followed by contact time with chloramines in a 
plug-flow tank for a minimum of 30 min at the peak hourly flow. Rapid blending can be 
accomplished by applying the chlorine into a pressure pipe conveying turbulent flow or 
into a channel immediately upstream from a mechanical mixer. Adequate plug flow 
can be achieved by a long narrow tank. Baffled rectangular tanks allow greater short- 
circuiting and are not as effective. A well-designed unit provides adequate disinfection 
of a secondary effluent with a dosage of 8-15 mg/I. 

Control of chlorine dosage is extremely important for proper operation. Automatic 
residual monitoring and feedback control is necessary.to prevent either inadequate dis¬ 
infection or excessive chlorination resulting in discharge of an effluent toxic to aquatic 
life. To protect receiving streams, some regulatory agencies have specified maximum 
chlorine residuals in undiluted effluents of 0.1-0.5 mg/1. Dechlorination may be re¬ 
quired to detoxify a discharge after chlorination. This is usually done by adding sulfur 
dioxide in aqueous solution at the discharge end of the chlorination tank. The oxidation- 
reduction reaction [Eq. (11.69)] between the chloramine residual and the sulfur dioxide 
is very rapid. Any excess sulfur dioxide applied reduces dissolved oxygen [Eq. (11.70)]. 

NH2CI + SO2 + 2H2O = NH4^ + SO4-- + Cl- + 2 H* ( 11 . 69 ) 

2SO2 + O2 + 2H2O = 2SO42- + 4 H+ ( 11 . 70 ) 

II. 27 Tertiary Effluent Disinfection 

The inability of gravity sedimentation to remove small suspended solids following bio¬ 
logical aeration is a major limitation of conventional treatment. Tertiary granular-media 
filtration preceded by chemical coagulation can be used for effluent clarification to re¬ 
move tiny particles, like helminth eggs, and colloidal solids that interfere with the dis¬ 
infecting action of chlorine. 

Tertiary treatment and disinfection processes are similar to those applied in sur¬ 
face water treatment for potable supplies: (1) rapid mixing of chemicals, flocculation, 
sedimentation, and granular-media filtration or (2) direct filtration after chemical mix¬ 
ing without sedimentation. The flocculation-sedimentation-filtration system is rec¬ 
ommended for tertiary treatment of a conventional biologically treated effluent with 
BOD and suspended solids of 30 mg/1. For direct filtration, the biologically treated 
wastewater must be of consistently higher quality, which can be achieved only by ex¬ 
tended aeration in an activated-sludge process. The state of California regulatory guide¬ 
line for direct filtration is a settled wastewater turbidity of less than 10 NTU. (Refer to 
Section 14.5.) 
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The effluent chlorination system following filtration must be properly designed and 
operated to ensure effective disinfection. Rapid mixing is used to blend the chlorine 
solution with the filtered wastewater, and chlorine contact is by plug flow with a mini¬ 
mum of short-circuiting and backmixing in a long narrow tank. Common design speci¬ 
fications are a theoretical detention time of at least 2.0, hr and an actual modal contact 
time of at least 1.5 hr. A chlorine residual in the range of 5-10 mg/1 is maintained by 
automatic residual monitoring and feedback control. This provides a chloramine C't in 
the range of 360-720 mg/l*min based on a r,o equal to 60% of the theoretical detention 
time. If dechlorination of the effluent is necessary, a solution of sulfur dioxide can be 
added at the discharge end of the chlorination tank. 

The standard for effective disinfection for wastewater reuse in the state of California 
for unrestricted landscape irrigation, recreational impoundments, and irrigation of food 
crops eaten raw is a mean of 2.2 total coliforms per 100 ml and a turbidity less than 
2 NTU. The allowable limits for specific uses specified by the state of Arizona are a 
mean of 25 fecal coliforms per 100 ml, 125 enteric viruses per 40 liters, and a turbidity 
of 5 NTU for open access (unrestricted) landscape irrigation; 200 fecal coliforms per 
100 ml, 1 enteric vims per 40 liters, and a turbidity of 1 NTU for full-body contact 
recreation; and 2.2 fecal coliforms per 100 ml, 1 enteric vims per 40 liters, and a tur¬ 
bidity of 1 NTU for irrigating food eaten raw. These restrictions on coliforms, viruses, 
and turbidity establish a high microbiologic quality for reuse of wastewater. (Refer to 
Section 14.15.) 


TASTE AND ODOR 

Surface waters contain tastes and odors associated with decaying organic matter, bio¬ 
logical growths, and chemicals originating from industrial waste discharges. Land drain¬ 
age from snowmelt and spring rains contains pollutants that are difficult to remove, 
especially at the low water temperatures that occur in northern climates. During the 
summer, lake and reservoir supplies may be plagued by blooms of algae that impart 
compounds producing fishy, grassy, or other foul odors. Actinomycetes are moldlike 
bacteria that create an earthy odor. Well waters may contain dissolved gases, such as 
hydrogen sulfide, and inorganic salts or metal ions that flavor the water. Tastes in 
groundwater can be identified, but defining specific odor-bearing substances in surface 
waters is usually an impossible task. Therefore, the best practical treatment for each 
water supply is determined by experiment and experience. 


11.28 Control of Taste and Odor 

Water treatment plant designs should allow maximum flexibility of operations for con¬ 
trol of tastes and odors. Problems may vary considerably during different seasons of the 
year, and future adverse changes in water quality of a supply are difficult to predict. 
Breakpoint chlorination and treatment with activated carbon are common control tech¬ 
niques for surface water supplies, while aeration is applied most frequently in ground- 
water processing. Preventive measures, such as selection of a source with the best water 
quality, should be given primary consideration. Regulatory controls should be used to 
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reduce contaminants from waste discharges that enter surface and underground waters. 
Algal blooms may be suppressed in reservoirs by regular application of copper sulfate. 


Oxidative Methods 

Chlorine dioxide, potassium permanganate, and ozone are strong oxidants capable of 
destroying many odorous compounds. These chemicals rather than heavy chlorination 
are favored since they do not form trihalomethanes, (Refer to Section 11.22.) Occasion¬ 
ally, a combination of chemicals can be used to achieve maximum control. The use of 
ozone is limited in the United States. 

Powdered Activated Carbon 

Adsorption on activated carbon is the most effective means of taste and odor removal. It 
is primarily a surface phenomenon; that is, one substance is attracted to the surface of 
another. The larger the surface area of an adsorber, the greater its power. Carbon for 
water treatment is rated in terms of square meters of surface area per gram. One pound 
of activated carbon has an estimated surface area of 100 acres. Besides controlling tastes 
and odors, powdered carbon aids in sludge stabilization, improved floe formation, and 
reduction in non-odor-causing organics. 

Carbon is fed to water either as a dry powder or as a wet slurry. The latter has the 
advantage of being cleaner to handle and assures complete effectiveness by thoroughly 
wetting the carbon. Although granular carbon adsorption beds are used extensively to 
purify product water in the food and beverage industries, their application in municipal 
water processing is limited by economic considerations. 

Activated carbon can be introduced at any stage of water processing ahead of filtra¬ 
tion. Although adsorption is nearly instantaneous, a contact time of 15 min or more is 
desirable before sedimentation or filtration. The best point of application is generally 
determined by trial and error based on previous experience. Carbon is often fed during 
flocculation or just prior to filtration. Since carbon adsorbs chlorine, these two chemicals 
should not be applied simultaneously or in close sequence. 


Aeration 

Air stripping is effective for removing dissolved gases and highly volatile odorous com¬ 
pounds. Aeration as a first step in processing well water may achieve any of the follow¬ 
ing; removal of hydrogen sulfide, reduction of dissolved carbon dioxide, and addition 
of dissolved oxygen for oxidation of iron and manganese. Aeration is rarely effective 
in processing surface waters, since the odor-producing substances are generally non¬ 
volatile. 

FLUORIDATION 

The incidence of dental caries relative to the concentration of fluoride in drinking water 
is well established [22]. Low levels of fluoride result in increasing incidence of caries, 
while excessive fluoride results in mottled tooth enamel. At the optimum concentration 
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Table ll.lt Recommended Fluoride Limits for Public Drinking 


Water Supplies 


ANNUAL AVERAGE OF 
MAXIMUM DAILY AIR 
TEMPERATURES BASED 
ON TEMPERATURE DATA 
OBTAINED FOR A 
MINIMUM OF 5 YR(°F) 

FLUORIDE ION CONCENTRATIONS 
(mg/1) 

RECOMMENDED LIMITS 

LOWER 

OPTIMUM 

UPPER 

50.0-53.7 

0.9 

1.2 

1.7 

53.8-58.3 

0.8 

1.1 

1.5 

58.4-63.8 

0.8 

1.0 

1.3 

63.9-70.6 

0.7 

0.9 

1.2 

70.7-79.2 

0.7 

0.8 


79.3-90.5 

0.6 

0.7 

0.8 


Source: National Pnmary Drinking Water Regulations, U.S. Environmental Protection 
Agency. 


for the local climate, consumers realize maximum reduction in tooth decay with no 
esthetically significant dental fluorosis. Recommended limits given in Table 11.11 are 
based on air temperature, since this influences the amount of water ingested by people. 
Medical studies have also indicated that fluoride benefits older persons by reducing the 
prevalence of osteoporosis and hardening of the arteries. Most public water supplies add 
fluoride ion to achieve an optimum level as a public health measure. 


11.29 Fluoridation 

The fluoride compounds most commonly applied in water treatment are sodium fluo¬ 
ride, sodium silicofluoride, and fluosilicic acid (Table 11.12). Sodium silicofluoride is 
commercially available in various gradations for application by dry feeders. Sodium 
fluoride is also popular, particularly the crystalline type where manual handling is in¬ 
volved. Fluosilicic acid is a strong corrosive acid that must be handled with jare. It is 
preferred in waterworks where it can be applied by liquid feeders without prior dilution. 

Design of a fluoridation system varies with size and type of water facility, chemical 
selection, and availability of operating personnel. Small utilities often choose liquid 
feeders to apply solutions of NaF or NajSiF^ that are prepared in batches. The solution 
tank may be placed on a platform scale for the convenience of weighing during prepa¬ 
ration and feed. Saturator tanks containing a bed of sodium fluoride crystals yield a 


Table 11.12 Common Chemicals Used in the Fluoridation of Drinking Water 



SODIUM 

FLUORIDE 

SODIUM 

SILICOFLUORIDE 

FLUOSILICIC 

ACID 

Formula 

NaF 

NaaSiFfi 

HjSiFe 

Fluoride ion (%) 

45 

61 

79 

Molecular weight 

42 

188 

144 

Commercial purity (%) 

90-98 

98-99 

22-30 

Commercial form 

Powder or crystal 

Powder or fine crystal 

Liquid 



480 CHAPTER 11 Chemical Treatment Processes 


solution of about 4.0% (18,000 mg/l of F). Larger water plants use either gravimetric 
dry feeders to apply chemicals or solution feeders to inject full-strength H 2 SiF 6 directly 
from the shipping dmm. A.utomatic control systems use flow meters and recorders to 
adjust feed rate. 

Application of fluoride is best in a channel or water main coming from the filters, 
or directly to the clear well. If applied prior to filtration, losses could occur due to reac¬ 
tions with other chemicals, such as coagulation with heavy alum doses or lime softening. 
If no treatment plant exists, fluoride can be injected into mains carrying water to the 
distribution system. This may be a single point or several separate fluoride feeding in¬ 
stallations where wells supply water at difl'erent points in the piping network. 


■ EXAMPLE 11.13 The fluoride ion concentration in a water supply is increased from 
0.30 mg/l to 1.00 mg/l by applying 98% pure sodium silicofluoride. How many pounds 
of chemical are required per million gallons of water? 

Solution: From Table 11.12, Na 2 SiF 6 is 61 % F. 


dosage = 


(1.00 - 0.30) X 8.34 
0.98 X 0.61 


9.77 Ib/mil gal 


CORROSION AND CORROSION CONTROL 

Internal corrosion of piping and valves is a serious problem in many water distribution 
systems. A national survey of the chemical composition of water in 130 systems 
throughout the United States revealed that 17% had highly corrosive water and approxi¬ 
mately 50% more had moderately aggressive water [25]. In addition to economic loss, 
corrosive waters have the potential of degrading water quality by the dissolution of met¬ 
als from the distribution system and household plumbing. 


11.30 Electrochemical Mechanism of Iron Corrosion 

The primary mechanism in metal dissolution is a chemical process accompanied by the 
passage of an electric current. In aerated water, the following complementary electrode 
process is capable of absorbing electrons and therefore acting as a cathode. 

O 2 + 2 H 2 O -b 4e- 40H- (11-71) 

As shown in Fig. 11.22, the principal reaction at the lower potential, the anode, is 
dissolution of the iron-releasing iron ions into solution. These are oxidized in the pres¬ 
ence of hydroxide ions and dissolved oxygen to form ferric oxides that are only slightly 
soluble. Thus, rather than the ferrous ions being carried away in the water, leaving a 
clean surface, as in the case of corrosion in deaerated water, the iron oxides collect 
around the anode. Nodules created by this precipitation reduce the diffusion of oxygen 
and strengthen the anodic character of the surface covered by the oxide nodules. The 
result is pitting and the ultimate perforation of the pipe wall by corrosive action. 

Corrosion is limited by formation of protective films that coat interior pipe surfaces. 
In potable water systems the carbonate-carbon dioxide equilibrium can be shifted and 
controlled by chemical treatment to deposit and maintain a calcium carbonate film. The 
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Aerated water 

O 2 (dissolved oxygen) 

2 H 2 O 20H- + 2H+ 

Anode reactions 

+ 20H“ —► Fe(OH )2 
+ 

O2 + 2H2O 

Fe(OH )3 

Fe —Fe^"" + 2e - 

Iron pipe 

Figure 11.22 Electrochemical mechanism for corrosion of iron 
exposed to aerated water. Metal dissolution is the result of iron 
oxidation at the anode coupled with reduction of oxygen at the 
cathode. 

mechanically applied cement lining in new ductile iron pipe is also preserved by this 
chemical stabilization. After establishing a water slightly oversaturated with calcium 
carbonate, polyphosphates can be applied at a dosage of about 2 mg/1 to inhibit crystal 
nucleation. Thereby, the protective carbonate scale does not dissolve and the excess 
calcium ions cannot precipitate. 

Temperature variations, dissolved salts, and the presence of microorganisms also 
influence corrosion. In general, inhibition of corrosion is more difficult at high tempera¬ 
ture and low resistivity. Chlorides are considered the most corrosive salts since, in 
theory, chloride ions accumulate at anodes assisting the migration of iron ions toward 
the interface and preventing local precipitation of hydroxides. Heating a water that is in 
carbonate-carbon dioxide equilibrium causes scale formation. Conversely, if a stable 
water is cooled, it becomes unbalanced and corrosive. Although microorganisms can 
influence corrosion, their reactions are usually related to unesthetic conditions, such as 
nodules formed by iron bacteria and decomposition of slime growths releasing foul 
odors. 


11.31 Water Stabilization 

Formation of a protective film containing a mixed precipitate of calcium carbonate and 
iron oxides on unlined ductile iron and steel pipe depends on the following chemical 
conditions. First, the pH must be compatible with carbonate-carbon dioxide equilibrium 
of the water at service temperature. A calculated oversaturation equaling 4-10 mg/1 of 
CaCOs is recommended to eliminate aggressive carbon dioxide. Second, the calcium 
and alkalinity values should be about equal, with minimums of 40 mg/I as CaCOs for 
waters with low sulfate and chloride contents [26]. Another source recommends mini- 
mums of 70 mg/1 [27]. Greater concentrations of calcium and alkalinity provide more 


Cathode reaction 
2H^ + YO 2 + 2e — H 2 O 
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protection. Third, the water must contain sufficient dissolved oxygen (4-5 mg/1) to 
oxidize the nonprotective ferrous hydroxide to ferric hydroxide. 

Several indices have been developed to quantify the aggressiveness of a water based 
on the following relationship; 

CO 2 + CaCO, + H 2 O ^ CaCHCOj)^ (11.72) 

Excess free carbon dioxide shifts the reaction to the right with dissolution of calcium 
carbonate, while less than equilibrium carbon dioxide causes a shift to the left and for¬ 
mation of scale. Mathematical definition of this reversible reaction has been attempted 
by several researchers [28]. Although no index is universally applicable because of dif¬ 
fering corrosion environments, the original and most commonly adopted index was de¬ 
veloped by Langelier [29, 30]. 

The Langelier saturation index (SI) predicts the stability of a water to deposit or 
dissolve calcium carbonate in the pH range of 6.5-9.5. The index equates the pH, cal¬ 
cium content, alkalinity, and ionic strength as follows: 

,SI = pH - pH, = pH - [(pififz ~ + pCa^"*^ + pAlk] (11.73) 

where 

pH = measured pH of the water 
pH, = pH at CaCOj saturation (equilibrium) 
p/sTi — p/sT' = constants based on ionic strength and temperature 

pCa^+ = negative logarithm of the calcium ion concentration, moles/liter 
pAlk = negative logarithm of the total alkalinity, equivalents/liter 

A positive value for the index signifies that the water is oversaturated and can precipitate 
calcium carbonate. A negative number indicates a corrosive water. The saturation index 
measures the tendency of a water to dissolve or precipitate calcium carbonate but relates 
to neither the rate at which stability is attained nor the capacity. 

The value of p^ 2 “ P^ i based on temperature and ionic strength is determined 
from Table 11.13. The ionic strength of a water is calculated as 

Ionic strength = 0.5(C,Z? + C^Z\ + ■ ■ • + C„Zl) (11-74) 

where 

C = concentration of an ionic species, moles/1 
Z = valence of the individual ion 

An unstable water can be treated with chemicals to achieve the proper amounts and 
balance between calcium and alkalinity at the proper pH. Application of lime increases 
pH, neutralizes free carbon dioxide, and adds calcium. Soda ash increases pH, neutral¬ 
izes carbon dioxide, and adds alkalinity. Sodium bicarbonate adds alkalinity with some 
influence on pH. Carbon dioxide reduces pH and increases alkalinity. Normally, 
one of these chemicals is needed to adjust pH and stabilize an untreated or treated water. 
An exception is remineralization of an extremely soft water or desalted seawater, which 
requires two chemicals in order to increase both calcium content and alkalinity while 
controlling pH. A common combination is lime and carbon dioxide. 

The Langelier index, like any other method of defining, calcium carbonate solu¬ 
bility, is only an approximate measure of the water s tab ility in a system. For exampk’ 
physical factors like the velocity of flow and residence time of water in the system affect 
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the rate and amount of deposition. Conditions along the pipe wall influence the effec¬ 
tiveness of a coating. Thus, the precise chemical treatment must be based on close field 
and experimental observations of the system. 

■ EXAMPLE 11.14 A desalted seawater contains 140 mg/1 sodium and 216 mg/1 
chloride. For remineralization, 56.1 mg/1 of CaO (40 mg/1 Ca) are added to the water, 
followed by carbon dioxide to convert the hydroxide ion from the lime to bicarbonate 
alkalinity. A trace amount of the alkalinity remains as carbonate ion. Based on the 
composition of the treated water given below, calculate the hardness and alkalinity as 
CaCOa, pH, and the Langelier index at 25° C. 


Component 

mg/1 

Molecular 

weight 

mol/I 

Equivalent 

weight 

meq/1 


■1 

40.1 

0.00100 

20.0 



■eM 

23.0 

0.00610 

23.0 



■9 

60.0 

0.00003 

30.0 

0.06 



61.0 

0.00194 

61.0 

1.94 



35.5 

0.00610 

35.5 



Solution: The hardness and alkalinity both equal 

2.0 meq/1 X 50 = 100 mg/1 as CaCOa 
For carbonate-bicarbonate equilibrium at 25°C using Eq. (11.13), 


[H-lfCOa^-] 

[HCOa] 


= K2 = 4.69 X 


10 -" 


Rearranging and substituting values for the carbonate and bicarbonate concentrations in 
moles per liter, one finds 


[4.69 X IQ-"] X [1.94 X 10-^] 
[3.0 X 10-5] 

Then, calculating the pH from Eq. (11.3), 


3.0 X lO-’' 


pH = log 


1 

[H-^l 


log 


1 

[3.0 X 10-*’] 


= 8.5 


The ionic strength using Eq. (11.74) is calculated as follows: 


Ca'^ = 0.5 X 0.00100 X 4 = 0.00200 

Na+ = 0.5 X 0.00610 X 1 = 0.00305. 

COa^- = 0.5 X 0.00003 X 4 = 0.00006 

HCO 3 - = 0.5 X 0.00194 X 1 = 0.00097 

Cl- = 0.5 X 0.00610 X 1 = 0.00305 


0.00913 
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From Table 11.13 for25“C, ^K'^— 

pCa^"^ = -log 

pAlk = -log 


= 2.3. 

0.00100 = 3.0 

/ 1.94 + 0.06 \ 
\ 1000 ) 


2.7 


Substituting into Eq. (11.73) yields the Langelier index: 

SI = 8.5 - (2.3 + 3.0 + 2.7) = +0.5 


These calculations show that a desalted water treated with CaO and CO 2 to a pH of 8.5 
meets the criteria for forming a protective film of CaCOj. The saturation index is posi¬ 
tive, signifying oversaturation. The 2 mg/1 of carbonate ion is equivalent to 5 mg/1 of 
oversaturation expressed as CaCOs; the recontmended range is 4-10 mg/1. Finally, the 
calcium concentration and alkalinity are balanced, and both equal 100 mg/1 as CaCOa, 
which is greater than the recommended minimum of 70 mg/1. ■ 


11.32 Corrosion of Lead Pipe and Solder 

Lead in excess of 5 jiig/l in raw water sources is rare. In tap water, it is a corrosion by¬ 
product from customer service lines, household piping, and plumbing fixtures. The 
sources are solder containing 50% lead and 50% tin joining copper pipes (which is no 
longer being used), old lead goosenecks that were used to connect the service line to the 
water main, and brass fixtures containing 3%-8% lead. The highest lead concentration 
is in water that has been in contact with the service line and plumbing for several hours, 
while the content in flowing water is undetectable. Therefore, first-flush sampling is 
recommended in monitoring for compliance with the allowable limit of 15 fig/\ at the 
customer’s tap. Aging of copper plumbing reduces the dissolution of lead from solder to 
a level below 15 fig/\, usually after 5 years. Chemical characteristics that increase dis¬ 
solution of lead are low alkalinity, acidic pH, and high temperature. Recommended 
methods of controlling excessive lead concentrations are corrosion-control treatment 
and replacement of long lead service lines. 

Lead corrosion control is complicated because of the many interdependent reac¬ 
tions that occur in the formation of protective films on lead surfaces. The effect of pH 
on lead solubility is very strong [31]. Based on this, one recommendation to reduce lead 
corrosion has been to increase the pH to 8.0 or above. Nevertheless, dissolution in actual 
service lines is often lower than the theoretically predicted concentration because of pro¬ 
tective coatings and other factors. The formation of an effective film of lead carbonates 
(e.g., PbCOa) depends on pH and alkalinity, which has resulted in a second recommen¬ 
dation of chemical addition for supplementing alkalinity. But because the relationship 
is complex, increasing the carbonate content (except in very low alkalinity waters) can 
be complicated by the precipitation of calcium carbonate. Although CaCOs deposition 
IS accepted practice to reduce iron corrosion, the adequacy of protection from lead 
leaching has been questioned by the argument that sloughing off of the deposit or in¬ 
complete coating of the pipe could result in periodic dissolution of lead in high concen¬ 
trations. Despite this, in well waters high in calcium and alkalinity, service lines with 
lead goosenecks and copper lines joined with lead solder have shown negligible lead 
content in first-flush samples. 
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Orthophosphate addition is a recommended remedial measure to reduce lead levels 
in tap water. Lead forms several orthophosphate deposits [e.g., Pb5(P04)30H]. Film 
deposition depends on orthophosphate concentration, alkalinity, pH, and temperature. 
Although the formation rate is slow, orthophosphate addition plus pH control can reduce 
leaching of lead. Polyphosphate addition is controversial; the chemical differences be¬ 
tween ortho- and polyphosphates in relationship to formation of protective film is poorly 
understood [31]. 

Verifying the effectiveness of a lead corrosion control program is time-consuming 
and complicated by changing conditions. The most likely measures are adjustment of 
pH, addition of phosphate, supplementing alkalinity, or some combination of these. The 
only way to measure the success of corrective treatment is to monitor changes in lead 
concentrations in selected first-flush tap waters. Because formation of protective films 
is a slow process, changing field conditions can occur that are independent of the treat¬ 
ment. For example, the most significance source of lead at the tap is lead-based solder 
in copper service lines [32]. Aging of the solder rapidly decreases lead dissolution. In 
fact, the most important measure to control lead in drinking water has been to require 
the use of'lead-free solder and plumbing fixtures in public water supplies. 


11.33 Corrosion of Sewer Pipes 

Corrosion in sewers is the destruction of pipe materials by chemical action. Sewer cor¬ 
rosion can result from biological production of sulfuric acid and is caused by strong 
industrial wastes unless they are neutralized prior to disposal. Most municipal sewer 
ordinances prohibit industrial wastes having a pH less than 5.5 or higher than 9.0 or 
having other corrosive effects. 

Crown corrosion in sanitary sewers is most prevalent in warm climates where they 
are laid on flat grades or where the sulfur content of the wastewater is high. Biological 
activity in wastewater in a sewer creates anaerobic conditions, producing hydrogen sul¬ 
fide. Condensation moisture on the crown and walls of the sewer pipe absorbs hydrogen 
sulfide and oxygen from the atmosphere in the sewer. The sulfur-oxidizing bacteria 
Thiobacillus form sulfuric acid in the moisture of condensation: 

H,S + 0, H,SO. (11.75) 

In concrete sewers, sulfuric acid reacts with lime to form calcium sulfate, which lacks 
structural strength. If the concrete is sufficiently weakened, the pipe can collapse under 
heavy overburden loads. 

The best protection for sanitary sewers is a corrosion-resistant pipe material such 
as vitrified clay or plastic. In large sewers, where size and economics dictate concrete 
pipe, sacrificial concrete can be placed in the crown of the pipe. Crown corrosion can 
be retarded by ventilation or by chlorinating the wastewater to control hydrogen sulfide 
generation. Recent advances for the protection of concrete pipe include the developnimi^ 
of synthetic coatings and linings. 

REDUCTION OF DISSOLVED SALTS 

The common processes for desalination of seawater are distillation and reverse osmosis; 
for desalting brackish groundwater, the processes are reverse osmosis and electrodialy' 
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sis. The selection of process is based on size of plant, sources of energy, and capital and 
operating costs. 


11.34 Distillation of Seawater 

Typical seawater has a salinity (total dissolved solids) of 35,000 mg/l, of which 
30,000 mg/l is NaCl. The generally accepted quality standards for drinking water are 
500 mg/l of total dissolved solids and 200 mg/l of chloride. Distillation is cost com¬ 
petitive for desalination of feedwater with a high salt content since the process operates 
virtually independent of influent solids concentration. Moreover, a product purity of less 
than 100 mg/l is easily attained [33]. 

Distillation involves heating feedwater to the boiling point and then into steam to 
form water vapor, which is then condensed to yield a salt-free water. The principal 
commercial processes are multistage flash distillation and thin-film multiple-effect 
evaporation. The prefix “multi” in the names means that a series of evaporation- 
condensation units is employed to obtain multiple reuse of the energy content of the 
heated steam. There may be as many as 15-25 stages. 

Multistage flash distillation is illustrated schematically in Fig. 11.23. Seawater en¬ 
tering the plant is initially heated in a heat recovery unit in which the hot desalted prod¬ 
uct water and waste brine discharge are cooled. The warmed seawater is then blended 
with recycled brine and passed through a series of condenser tubes in the evaporator 
chambers for further heating. In the process of condensing the steam to distillate (the 
desalted water), the temperature of the brine is increased in stages to temperature as 
it enters the brine heater. In this unit, the temperature of the brine feed is raised by 
external thermal energy to just below the saturation temperature under a pressure 
Pmax- The hot brine is then discharged through the series of stages each at a reduced 
pressure compared with the previous stage. The pressure P It P 2 , and so 

forth. Because of the reduction in pressure, a portion of the heated feed flashes to vapor 
in each stage to obtain equilibrium with the vapor condition prevailing in each individual 
stage. This results in a temperature drop in each stage (e.g., drops to Ti, and Ti 
drops to Tj), arriving at the minimum temperature T„ in the last stage. The total tem¬ 
perature drop is usually from a 7^,^ of 250° F to a T„ of 100°F. The fraction of recircu¬ 
lating brine that can be flashed with each cycle is restricted to 0.10-0.15. Therefore, to 


Condenser tube 
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produce .the desired rate of distillate requires a minimum brine recirculation rate in the 
range of 10-6.6 times the production rate of desalted water. The brine wasted from the 
recycling feed line may contain approximately 70,000 mg/1 for seawater input of 
35,000 mg/1. 

The controlling parameters for output of desalted water and energy consumption 
are the temperature drop allowed in each stage, the difference between the brine inlet 
temperature to the first stage and the discharge temperature at the last (overall flash 
range), and the stage neat transfer coefficients. The principal unavoidable heat losses 
result from imperfect heat transfer by the condenser tubes and heat exchangers. Other 
losses include poor venting resulting in vapor blanketing of the condenser tube surfaces 
and tube fouling as a result of scale formation. Energy consumption in distillation is 
always well in excess of the ideal theoretical minimum. For a particular installation, 
efficiency is related to design factors such as the number of stages. 

Thin-film multiple-effect evaporation is the second process widely used for distil¬ 
lation of seawater. The steam generated in one effect condenses on the outside of long 
vertical tubes in the next effect, evaporating more water from a film of brine that runs 
down the inside of the tube. Tracing this on Fig. 11.24, prime steam enters the shell of 
the first effect where it condenses on the outside of the tubes. The latent heat of conden¬ 
sation furnishes the energy required to evaporate a portion of the brine feed within the 
tubes. The partially concentrated brine proceeds to the second effect, which operates at 
a slightly lower pressure. The vapor leaving the first effect condenses on the tubing of 
the second effect, causing further evaporation of water from the brine. This process 
continues from effect to effect until the lowest pressure vapor is condensed in a final 
condenser by giving up its latent heat to circulating cooling water. The combined con¬ 
densate from all effects constitutes the product water from the plant. Using this same 
principle, several variations may be designed into the multiple-effect process. One 
modification is the use of horizontal rather than vertical tubes with the steam inside the 
tubes and the evaporating brine flowing in a film on the outside tube surfaces. 


Recycled brine 



Effect 1 Effect 2 Effect n 

Figure 11.24 Thin-film multiple-effect evaporation with long vertical 
condenser tubes. 
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11.35 Reverse Osmosis 

Reverse osmosis is the most common process for reducing the salinity of brackish 
groundwater. It is the forced passage of water through a membrane against the natural 
osmotic pressure to accomplish separation of water from a solution of dissolved salts. 
The process of osmosis is illustrated in Fig. 11.25, where a thin membrane separates 
waters with different salt concentrations. In direct osmosis, water naturally flows from 
the side of lower salt concentration through the membrane to the solution of higher 
concentration, attempting to equalize the salt content; the membrane allows water flow 
while blocking the passage of salt ions. If pressure is applied to the side of higher salt 
content, this flow of water can be prevented at a pressure termed the osmotic pressure 
of the salt solution. In reverse osmosis, the water is forced by high pressure from a salt 
solution through the membrane into fresh water, separating desalted water from the sa¬ 
line solution. The rate of flow through a reverse-osmosis membrane is directly propor¬ 
tional to the effective pressure (i.e., to the difference between the applied and osmotic 
pressures). In practice, operating pressures vary between 350 and 1500 psi, with a typi¬ 
cal range of 600-800 psi. The quantity of product water is 70%-90% for a feed of 
brackish groundwater and about 30% for a feed of seawater. 

The two common membrane materials are cellulose acetate and aromatic polyam¬ 
ide. Cellulose acetate membranes have a high flow rate per unit area and are commonly 
used to form tubes of spiral-wound flat sheets. In contrast, polyamide membranes have 
a lower specific flow rate and are manufactured in the form of hollow fibers to achieve 
the maximum surface area per unit volume, which is about 15 times that of spiral-wound 
membranes. By assembling the membranes in modular units, a large membrane surface 
area can be compacted into a cylindrical pressure vessel fitted with an inlet for the saline 
feedwater and outlets for the product water (permeate) and reject brine. 



membrane 


(a) (b) (c) 

Figure 11.25 Illustrations describing the process of reverse 
osmosis to remove dissolved salts from water, (a) Direct 
osmosis, (b) Osmotic equilibrium, (c) Reverse osmosis. 
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Figure 11.26 Spiral-wound module for reverse osmosis. 


A spiral-wound module (Fig. 11,26) is made up of large membrane sheets covering 
both sides of a flat sheet of porous backing material that collects the permeate (product 
water). The membranes are sealed on the two long edges and one end to form an enve¬ 
lope enclosing the permeate collector. The other end of the membrane envelope is sealed 
to a perforated tube, which receives and carries away the permeate from the collectors. 
Several of these membrane envelopes, with mesh spacers in between for brine flow, are 
rolled up to form a spiral-type module. Operation of a spiral-wound module is dia¬ 
grammed in Fig. 11.26. Saline water enters the end of the module through the voids 
between the membrane envelopes provided by the spacers. Under high pressure, water 
is forced from the brine in the spacer voids through the membranes and conveyed by the 
enclosed porous permeate collectors to the perforated tube in the center of the module. 
Brine reject discharges from the spacer voids at the outlet end of the module. 

A hollow-fiber module is a pressure vessel containing a very large number of nu- 
crofiber membranes densely packed in a U-bundle with their openings secured in an end 
block of the module. The hollow fibers, finer than a human hair, have an outside diame¬ 
ter of 85-100 pm and an inside diameter of 42 pm. Because of their small diameter 
and thick wall, these tubes can withstand the high reverse-osmosis pressure required to 
force water from the surrounding brine into the hollow cores of the fibers. The process 
flow is shown in Fig. 11.27. Saline water enters the module through a central perforated 
feed tube and flows radially through the fiber bundle toward the outer shell of the cyl¬ 
inder. Under high pressure, water enters the hollow fibers and exits from their open ends 
at the discharge end of the module. Reject brine arriving at the outer shell of the cylinder 
is collected by a flow screen and conveyed from the module. 

The potential for membrane fouling and scaling must be considered in both the 
design and operation of a reverse-osmosis system. The feedwater must be clear and low 
in chemical ions that can cause scale (e.g., calcium). In groundwater, silt and iron oxides 
are the two common contaminants resulting from poor well construction. If the gravel 
pack and screen are not properly designed and placed, fine sand and silt from the aquife 
can be carried out in the well water. Since many groundwaters are aggressive, the well 
casing, pump column, and transmission piping must be constructed of noncorrosive ma 
terials to prevent formation of rust particles. 
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Figure 11.27 Hollow-fiber module for reverse osmosis. (Courtesy of 
Permasep Products, E. I. du Pont de Nemours & Co.} 


The three most common chemical sealants are calcium sulfate, calcium carbonate, 
and silicon dioxide. As shown schematically in Fig. 11.28, the reject brine is in contact 
with the membrane. Therefore, the scaling potential is determined by the concentration 
of ions in the brine, which in turn is controlled by the recovery of product water. For 
example, if the concentration of calcium ion in feedwater is 200 mg/1 and the recovery 
of product water is 75% with 7 mg/1, the reject brine contains 779 mg/1 of calcium ion 
(4 times the concentration in the feedwater). The calcium concentration can be lowered 
by reducing the permeate recovery and wasting more of the feedwater as brine. If a high 
recovery is necessary, such as 90%, the feedwater can be pretreated by softening to 
reduce the calcium content. Regardless of the methods used to reduce the calcium con¬ 
centration, sodium hexametaphosphate or a polymeric antisealant is commonly applied 
to inhibit the formation of calcium sulfate [34]. 


Membrane 



Product water, 0.75(2 
= 7 mg/1 


Reject brine, 0.25(2 
Ca^+ = 779 mg/1 


Figure 11.28 Schematic diagram of a reverse-osmosis 
module illustrating the concentration of calcium ion in the 
reject brine relative to the feedwater and product water 
for 75% recovery. 
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Calcium carbonate precipitation is controlled by acidifying the feedwater to convert 
bicarbonate ion to carbon dioxide, thus making the water corrosive. Since the reverse- 
osmosis process is a closed system, the carbon dioxide cannot escape and appears in the 
permeate and reject brine. Silica must be removed by pretreatment of the feedwater by 
chemical coagulation and filtration. High feedwater temperature deteriorates membrane 
material; hence, hot groundwaters require cooling prior to processing. 

The product water from reverse osmosis is highly corrosive, with low pH and high 
concentration of carbon dioxide. The three methods of stabilization are degasification 
(decarbonation), addition of lime or soda ash for neutralization and increase in alka¬ 
linity, and blending with raw water. Degasification can be performed in a packed column 
with the water sprayed in at the top and percolating through the media against a counter- 
current of air. Carbon dioxide is reduced to less than 10 mg/1 and the pH raised to near 
neutrality. Addition of lime slurry [Ca(OH) 2 ] neutralizes the carbon dioxide, increases 
the calcium concentration, and raises the pH. Soda ash (Na 2 C 03 ) addition increases 
alkalinity and raises the pH. It also adds sodium ion, which is undesirable, both for 
corrosion control and for consumption as drinking water by persons with hypertension 
(high bloo^ pressure). Nevertheless, soda ash is often applied in small systems since it 
is much easier to feed; a solution of soda ash is a clear liquid, whereas lime is a milky 
slurry. Blending permeate (after degasification, if performed) with raw water is often an 
economical method of partial or, in some cases, complete stabilization. The blending 
ratio depends on the chemical characteristics of the two waters. Since the fluoride ion 
content is reduced in desalting, supplemental fluoridation of the stabilized water to the 
optimum level is recommended. 

This limited discussion and the calculations in Example 11.15 are only an overview 
of reverse osmosis. The presentation by Ko and Guy [35] on brackish and seawater 
desalting expands the topics of membranes, modules, pretreatment, and design and op¬ 
eration. In the same book, Ridgway [36] reports the results of research studies on bio¬ 
logical fouling of membrane surfaces. 

■ EXAMPLE 11.15 A reverse-osmosis plant treats warm brackish groundwater with 
total dissolved solids of 2600-2700 mg/1 and pH 6.8-7.2. Since the well water is free 
of silt, iron, and manganese, and low in silica, no granular-media filtration is required. 
The first step in pretreatment is to cool the water in a heat exchanger to 35“C, when 
necessary, for longer membrane life. Next, the water is acidified to pH 5.8 with 150 mg/1 
of sulfuric acid to prevent CaCOa scale formation, and 10 mg/I of hexametaphosphate 
are added to prevent CaS 04 formation. Cartridge filters remove particles down to 
5 microns in size; the average life of the replaceable filter elements is 12 weeks. To force 
the pretreated water through the membranes, a high-pressure pump at each reverse- 
osmosis unit increases the pressure to 370 psi. Each unit has 13 modules, with 9 in the 
first stage and 4 in the second stage. The feedwater applied to the first stage produces 
50% permeate and 50% brine. The first-stage brine is applied to the second stage to 
again produce 50% permeate and 50% brine, which is rejected. Therefore, the total 
recovery of product water is 75% of the feedwater, and the reject brine is 25%. The 
product water is stripped to remove carbon dioxide in packed countercurrent columns, 
raising the pH from 5.8 to about 7.0. It is then stabilized by adding approximately 
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10 mg/1 of soda ash to raise the pH to 8.2-8.5. The fluoride ion concentration is 
increased from 0.2 mg/1 to the optimum of 0.8 mg/1 by adding fluosilicic acid. The 
finished water has a total dissolved-solids concentration of 250-350 mg/1, alkalinity of 
80-100 mg/1, and calcium ion concentration of approximately 7 mg/1. 

Trace the chemical changes that occur in the water during treatment. The milli- 
equivalents-per-liter bar graph of the untreated groundwater is shown in Fig. 11.29(a). 

Solution: Adding 150 mg/1 of sulfuric acid for acidification to a pH of 5.8 converts 
bicarbonate ion to carbon dioxide and increases the sulfate ion content as shown in 
Fig, 11.29(b). 

If the water recovery is 75%, the concentrations of ions in the reject brine are about 
4 times the concentrations in the acidified feedwater. Therefore, the contents are calcium 
ion 860 mg/1 (0.0215 moles/1), sulfate ion 2270 mg/1 (0.0236 moles/1), alkalinity 
228 mg/1 (4.56 meq/1), total dissolved solids 10,200 mg/1, and ionic strength 0.226. The 



0 5.0 


(c) 

Fipre 11.29 Milliequivaients-per-literbar graphs for Example 11.15. 

[a) Untreated groundwater with a total dissolved-solids concentration of 
2600 mg/1, (b) Feedwater after acidification to pH 5.8. (c) Product water 
after post-treatment with a total dissolved-solids concentration of 350 mg/I. 
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scaling potential of CaCOj can be estimated by calculating the Langelier saturation 
index by using Eq. (11.73). 

SI = 5.8 - [2.1 + p(l/0.0215) + p(1000/4.56)] 

= -0.3 (non-scale-forming water) 

(Table 11,13 lists p.K’j - pA"' values for ionic strengths less than 0.020 and total dis¬ 
solved solids less than 800 mg/1. The value of 2.10 used in the above calculation 
was taken from a Langelier diagram in [37] for a total dissolved-solids content of 
10,200 mg/1.) 

The potential for CaS 04 scale is estimated by calculating the product of the ionic 
molar concentrations of the calcium and sulfate ions and comparing the result to the 
solubility-product constant. For the acidified brine, 

[Ca2+][S042-] = 0.0215 X 0.0236 = 0.51 X 10“^ 

The estimated for a brine after addition of sodium hexametaphosphate is 1.0 X 10*^; 
hence, this brine is unsaturated and non-scale-forming. 

Figure' 11.29(c) is the approximate bar graph of the finished water with a total 
dissolved-solids concentration of 350 mg/1 after carbon dioxide stripping, soda ash 
addition, and fluoridation. ■ 


VOLATILE ORGANIC CHEMICAL REMOVAL 

The two processes for removal of volatile organic chemicals (VOCs) are stripping by 
aeration and granular activated carbon (GAC) adsorption. Because of their volatility, 
these chemicals are rarely found in surface waters. However, VOCs are stable in ground- 
waters contaminated by leaching of chemicals from industrial discharges, improper 
chemical use, and spillage. The maximum contaminant levels for VOCs are in the range 
of 2-10,000 fig/l, with a most common value of 5 fig/\ (Table 7.2). Because of these 
extremely low allowable concentrations, air stripping in a countercurrent packed tower 
is the only aeration method satisfactory for drinking water treatment. In cold climates 
the process may not be feasible because of poor removal at low temperatures and the 
possibility of ice formation on the tower packing. The most costly process of GAC 
adsorption may replace air stripping or be applied as a second stage following partial 
removal by aeration. 


11.36 Design of Air-Stripping Towers 

The water is sprayed on the top of the packing and passes down through the column 
while air is blown countercurrent up through the tower. The packing can be random or 
stacked lightweight plastic media. As the water spreads over the surfaces of the packing, 
a large area of water is exposed for mass transfer to the flow of air. The VOCs can move 
freely toward equilibrium between liquid and gas phases. For air stripping very dilute 
solutions, this equilibrium can be expressed by Henry’s law as 
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where 

Com = gas-phase molar concentration in equilibrium with the 
liquid-phase concentration, kmoiym^ 

Clm liquid-phase molar concentration in equilibrium with the 
gas-phase concentration, kmol/m^ 

H = Henry’s law constant, mass concentration/mass 
concentration (dimensionless) 

For efficient air stripping, the equilibrium between the liquid and gas phases is continu¬ 
ously destabilized by replenishing the air exhausted from the top with contaminant-free 
air entering at the bottom. By the time the water discharges from the column bottom, the 
contaminant in the liquid phase is reduced to a very low concentration. The higher the 
value of Henry’s law constant, the more readily a VOC is air stripped from water. 

The rate of mass transfer of a VOC from water to air is proportional to the difference 
between the equilibrium concentration in solution and the existing concentration in 
solution. 

J = KMCIm - Clm) (11.77) 

where 

J = rate of mass transfer per unit volume of packing, kmol/m^*s 
K^a = overall mass transfer coefficient, s"‘ 

Clm = molar concentration in liquid phase in equilibrium with the 
gas-phase concentration, kmol/m^ 

Clm = average molar concentration in liquid phase, kmol/m^ 

The value of K^a depends on the geometry of the tower and packing, operation of the 
air-stripping system (e.g., the air-to-water ratio), and temperature. 

The design of an air-stripping packed column for steady-state mass transfer is based 
on the following relationship: 


Z = (HTU)(NTU) (11.78) 

where 

Z = depth of packing, m 
HTU = height of a transfer unit, m 
NTU = number of transfer units (dimensionless) 

The height of a transfer unit (HTU) characterizes the mass transfer efficiency from 
the liquid to the gas phase. 

HTU = LIpL-Ki^a (11.79) 

where 

L = water mass loading rate, kg/m^’S 
Pl = water density, kg/m^ 

LIpl = volumetric loading rate, m^/m^*s 
K^a = overall mass transfer coefficient, s~* 
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The number of mass transfer units (NTU) corresponds to the difficulty in removing 
the VOC from the liquid phase. 


where 


NTU = 


/ (CJC^JiS - 1) + 1 

\S-l) S 


S = stripping factor, mol/mol (dimensionless) 
C,„ = VOC concentration in influent, kg/m^ 

Cout = VOC concentration in effluent, kg/m^ 


( 11 . 80 ) 


The stripping factor is defined as 

5 = HiQJQ^) (11.81) 

where 

H = Henry’s law constant, mass concentration/mass 
concentration (dimensionless) 

Qa = volumetric airflow rate, mVs 
Qw = volumetric water loading rate, mVs 

Several mathematical models to calculate mass transfer coefficients have been pro¬ 
posed based on the two-film theory, which assumes that overall resistance to mass trans¬ 
fer is the sum of liquid- and gas-phase resistances. Lamarche and Droste [38] evaluated 
these models in packed-column air stripping of 6 VOCs. They also presented a labora¬ 
tory technique for determining the value of Henry’s law constant for VOCs at different 
temperatures. 

The procedure for designing an air-stripping tower starts with the selection of a 
packing A stripping factor is selected between 2 and 5, if high removal efficiency is 
required, and, based on this value, the air-to-water ratio is calculated. An allowable air 
pressure drop is selected. Data on the air pressure drop through a particular packing are 
generally available from the manufacturer. Operation at a high-pressure drop allows a 
smaller volume of packing, reducing the construction cost but increasing the operational 
costs. Various combinations of pressure drops and air-to-water ratios can be calculated 
to find the most cost-effective choice. Henry’s law constant for the anticipated operating 
temperature is taken from the literature or determined by laboratory analysis. Selection 
of a mass transfer coefficient should preferably be from pilot-plant studies or based on 
experience in full-scale performance. Using these data, along with influent and effluent 
VOC concentrations, the required depth of packing can be calculated from Eqs. (11.78- 
11.81). The surface area of the packing is calculated from the quantity of water to be 
treated and the water loading. 


■ EXAMPLE 11.16 Determine the depth of packing and surface area for a counter- 
current air-stripping tower to reduce the trichloroethylene from 200 /^g/l to 2 yug/l (99^o 
removal). The design water flow rate is 76 1/s, and the lowest operating temperature 
anticipated is 10'* C, based on groundwater temperature and cooling in the tower. Henry s 
law constant for trichloroethylene is 0.30 at 10®C. The manufacturer of the proprietary 
random packing recommends a mass transfer coefficient of 0.017 s~' based on pilot 
studies and an allowable pressure drop of 50 N/m^-m. 
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Solution: After discussions with the client and the manufacturer of the packing, the 
designer selected a loading of 10 l/m^’S (kg/m^-s) and a stripping factor of 3.6. Using 
Eq. (11.81), 

air-to-water ratio (QaIQw) = 3.6/0.30 = 12 m-Vm^ 

volumetric airflow rate = 0.076 m^/s X 12 mVm^ = 0.91 m% 


Using Eq. (11.79), 

HTU 


10 kg/m^’s 

(1000 kg/m3)(0.017/s) 


0.59 m 


Using Eq. (11.80), 

NTU 

Using Eq. (11.78), 


/ 3.6 \ (200/2)(3.6 - 1) + 1 


Z (depth of packing) = 
surface area of packing = 


0.59 X 5.9 = 

76 1/s 
10 1/m^-s 


3.5 m 

7.6 m^ 


SYNTHETIC ORGANIC CHEMICAL REMOVAL 

Synthetic organic chemicals (SOCs) include pesticides (herbicides and insecticides), 
volatile organic chemicals, and trihalomethanes. Trace concentrations of pesticides are 
found in runoff from agricultural lands, occasionally in groundwaters under agricultural 
lands, and in groundwaters contaminated by seepage from improper disposal of indus¬ 
trial wastes and spillage of chemicals. Conventional water treatment provides limited 
removal of organic chemicals. If adsorbed on particles or associated with large hydro- 
phobic molecules, they can be taken out by coagulation-sedimentation-filtration. How¬ 
ever, dissolved organic chemicals rarely adsorb to metal hydroxides and polymers, 
resulting in negligible removal. Adjustment of pH, changing coagulants or coagulant 
aids, and application of powdered activated carbon are options to be considered for 
improved treatment. In surface water treatment, these process variables are generally 
successful for greater removal of natural organic precursors to reduce subsequent for¬ 
mation of trihalomethanes. 


1^-37 Activated Carbon Adsorption 

Activated carbon can be made from a variety of carbonaceous raw materials. Processing 
IS dehydration and carbonization by slow heating in the absence of air followed by 
chemical activation to produce a highly porous structure. Powdered activated carbon 
(PAC) for water treatment, which has good characteristics for adsorption of taste and 
odor compounds, is commonly made from lignin or lignite. Granular activated carbon 
(GAC) made from coal has the best physical properties of density, particle size, abrasion 
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resistance, and ash content. These characteristics are essential, since GAC is subject to 
filter backwashing, conveyance as a slurry, and heat reactivation. 

The activation process in manufacture creates a highly porous surface on the carbon 
particles with macropores and micropores down to molecular dimensions. Organic con¬ 
taminants are adsorbed by attraction to and accumulation in pores of appropriate size; 
thus the pore structure is extremely important in determining adsorptive properties for 
particular compounds. In general, GAC most readily adsorbs branch-chained high- 
molecular-weight organic chemicals with low solubility. These include pesticides, vola¬ 
tile organic chemicals, and trihalomethanes. Macropores are large enough for colonies 
of bacteria to grow and proliferate if biodegradable organic compounds are in the water. 
The benefits of microbial growth or potential risks to water quality are not well under¬ 
stood. GAC is reactivated thermally at a furnace temperature and retention time based 
on the volatility of the adsorbed chemicals. Two percent to 5% of the carbon is lost 
during each reactivation and must be replaced with fresh carbon. 

Powdered activated carbon is a fine powder applied in a water slurry, which can be 
added at any location in the treatment process ahead of filtration. At the point of appli¬ 
cation, the mixing must be adequate to ensure dispersion and the contact time long 
enough for adsorption. The dosage for normal taste and odor control is usually up to 
5 mg/1 with a contact time of 10-15 min. Although PAC is an effective adsorber of 
organic compounds that cause taste and odor, this success is not repeated by the ad¬ 
sorption of SOCs. Poor adsorption is attributed to the pore structure of the PAC, short 
contact time between the carbon particles and the dissolved organic chemicals, and in¬ 
terference by adsorption of other organic compounds. 

Efficiency in removal of SOCs requires a granular activated carbon filter to ensure 
close contact between the water and carbon for a sufficient time for adsorption to occur. 
Design of a GAC system requires pilot-plant tests for selection of the best carbon, de¬ 
termination of the required contact time, the effects of influent water quality variations, 
and to establish the carbon loss during reactivation. The analytic methodology includes 
data on (1) adsorbability of the various organic compounds present, (2) performance.of 
several different GACs in their removal, (3) information on the kind of process for re¬ 
activation, (4) frequency of reactivation, and (5) balancing costs of increased contact 
time against savings from less frequent reactivation [39]. 


11.38 Granular Activated Carbon Systems 

Granular activated carbon can be used in place of anthracite and sand media in conven¬ 
tional filters to increase removal of compounds that cause taste and odor in surface 
waters. The filter-adsorber beds may be dual-media GAC sand or single-medium GAC. 
Graese, Snoeyink, and Lee [40] reviewed the performance of treatment plants with GAC 
filter adsorbers. The conclusions were that, if properly designed, they were as effective 
as conventional filtration media for removing turbidity and can consistently reduce 
tastes and odors firom water supplies for extended periods of time before reactivation. 
GAC filter adsorbers do not perform well in removing compounds, such as trihalo¬ 
methanes and volatile organic compounds, that are less strongly adsorbed. 
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A fixed-bed contactor has a GAC bed that remains stationary (fixed) during opera¬ 
tion. Although the bed can be designed for downflow or upflow, downflow operation 
with provision for backwashing is more common. The GAC is not reactivated until 
chemical breakthrough; then the entire bed is removed and replaced. The design of a 
fixed-bed contactor is similar to a gravity granular-media filter (Sections 10.18-10.22) 
or a pressure filter (Section 10.23). In a surface water treatment plant, the conventional 
filter is retained for removal of turbidity, and the fixed-bed contactor added as a second 
stage. A postfilter contactor designed specifically to adsorb SOCs (without the necessity 
of turbidity removal) provides better use of the adsorptive capacity of the GAC and 
allows longer contact times. Adsorptive capacity can be significantly reduced by organic 
contaminants in an unfiltered water. Also, GAC suitable for filtration may not be opti¬ 
mum for adsorbing the contaminating organic chemicals. Contact time is expressed as 
empty bed contact time, calculated by dividing the volume of the bed by the flow rate. 
In conventional filtration, the empty bed contact time is usually 3-9 min, while in a 
GAC contactor it is 15-30 min or greater. A contactor following filtration also reduces 
the quantity of backwash water required and can be designed for easier removal of spent 
carbon and replacement. A gravity contactor is appropriate for removal of chemicals 
from a groundwater supply in a large plant. Pretreatment may be necessary to remove 
contaminants that can interfere with filtration through the GAC bed, for example, iron 
oxide deposits and growth of iron bacteria. For individual wells, the contactor may be a 
pressure vessel with discharge pressure from the well pump forcing the water through 
the bed. 

A countercurrent pulsed-bed (moving-bed) contactor operates with the water flow¬ 
ing upward through the bed while spent carbon is removed from the bottom as an equal 
amount of fresh carbon is added to the top. In effect, the pulsed-bed system .performs 
like a series of fix-bed contactors with nearly spent carbon contained in the first and 
fresh carbon in the last. This is the most efficient use of the adsorptive capacity of the 
carbon. Since the column of GAC is fluidized by the upward flow of water to reduce the 
clogging, this arrangement is most appropriate for water or wastewater containing sus¬ 
pended solids that do not have to be removed in treatment. Granular-carbon columns 
and carbon regeneration for reclamation of wastewater are discussed in Section 14.6. 

Problems 

11.1. (a) Using atomic weights from the table of elements given in Table A.7, calculate 
the molecular and equivalent weights of alum (aluminum sulfate), ferric sulfate, 
and soda ash (sodium carbonate). The formulas of these compounds are given in 
Table 11.1. (b) Using atomic weights, compute the equivalent weights of the 
ammonium ion, bicarbonate ion, calcium carbonate, and carbon dioxide. Values 
are given in Table 11.2. 

11.2. (a) Water contains 38 mg/1 of calcium ion and 10 mg/1 of magnesium ion. Ex¬ 
press the hardness as mg/1 of CaCOs, (b) Alkalinity in water consists of 120 mg/1 
of bicarbonate ion and 15 mg/1 of carbonate ion. Express the alkalinity in units 
of mg/1 ofCaCOj. 
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11 . 3 . Draw a milliequivalents-per-liter bar graph and list the hypothetical combina¬ 
tions for the following analysis of a soft water: 

Ca2+ = 36 mg/1 HCO 3 - = 208 mg/1 

Mg 2 + = 14 mg/1 S 04 ^" = 14 mg/1 

Na+ = 43 mg/1 Cl" = 44 mg/1 

K-^ = 7 mg/1 

11 . 4 . Draw a milliequivalents-per-liter bar graph and list the hypothetical combina¬ 
tions for the following analysis of a groundwater: 

Ca 2 + = 94 mg /1 HCO3- = 317 mg /1 

Mg2+ = 24 mg/1 SO 42 - = 67 mg/1 

Na+ = 14 mg/1 Cl" = 24 mg/1 

11 . 5 . Draw a milliequivalents-per-liter bar graph for the following water analysis: 

calcium hardness = 185 mg/1 alkalinity == 200 mg/1 
magnesium hardness = 50 mg/1 sulfate ion = 58 mg/1 

sodium ion = 23 mg/1 chloride ion = 36 mg/1 

potassium ion = 20 mg/1 pH = 7.7 

11 . 6 . Calculate the pH of a solution of pure water containing 1.0 mg/1 of sulfuric acid. 

11 . 7 . What is the dominant form of alkalinity in a natural water at pH 7? What are the 
forms present at pH 10.5? 

11 . 8 . What parameter dictates the rate of decrease in concentration of remaining re¬ 
actant with time in (a) zero-order kinetics and (b) first-order kinetics? 

11 . 9 . The kinetics of a chemical reaction were analyzed by laboratory experiment. 
Lime was added to a water sample to precipitate reactant A as product P. While 
the water was continuously stirred, portions were withdrawn at 10 -min intervals 
to measure the amount of A remaining. The data collected were as follows: t ~ 
0, Co of A = 100 mg/1; f = 10 min, C of A remaining = 55 mg/1; t =20 min, 
C = 22 mg/1; ? = 30, C = 8 ; and f = 40, C = 5. Plot graphs as shown in 
Fig. 11.3(a) and (b). What are the kinetics of the reaction? What is the value of 
the reaction-rate constant? 

11 . 10 . The number of coliform bacteria is reduced from an initial concentration of 
2,000,000 per 100 ml to 400 per 100 ml in a long, narrow chlorination tank under 
a steady wastewater flow with a hydraulic detention time of 30 min. Assuming 
first-order kinetics and ideal plug flow, calculate the reaction-rate constant. 

11.11. Alternative reactor systems are being considered to reduce the reactant in a 
steady liquid flow from an initial concentration of 100 mg/I to a filial concentra¬ 
tion of 20 mg/ 1 . Assuming a first-order reaction-rate constant of 0.80 day"*, 
calculate the hydraulic detention time required for each of the following reactor 
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systems: (a) one plug flow reactor, (b) one completely mixed reactor, and (c) two 
equal-volume completely mixed reactors in series. 

Ilsl2. Define the meanings of the terms coagulation ^.nd flocculation in reference to 
destabilization of colloidal suspensions. When these terms are used by an envi¬ 
ronmental engineer in reference to water treatment processes, what are their 
meanings? 

11.13. The results from ajar test for coagulation of a turbid alkaline raw water are given 
in the table. Each jar contained 1000 ml of water. The aluminum sulfate solution 
used for chemical addition had such strength that each milliliter of the solution 
added to a jar of water produced a concentration of 8.0 mg/I of aluminum sul¬ 
fate. Based on the jar test results, what is the most economical dosage of alumi¬ 
num sulfate in mg/1? 


Jar 

Aluminum 
sulfate solution 
(ml) 

Floe 

formation 

1 

1 

None 

2 

2 

Smoky 

3 

3 

Fair 

4 

4 

Good 

5 

5 

Good 

6 

6 

Very heavy 


If another jar had been filled with freshly distilled water and dosed with 5 ml of 
aluminum sulfate solution, what would have been the degree of floe formation? 

11.14. In the coagulation reaction, commercial aluminum sulfate (alum) reacts with 
natural alkalinity or can be reacted with lime or soda ash if the water is deficient 
in alkalinity. Based on Eqs. (11.34-11.36), calculate the milligrams-per-liter 
amounts of alkalinity, lime as CaO, and soda ash as Na 2 C 03 that react with 
1.0 mg/1 of alum. 

11.15. A ferrous sulfate dosage of 40 mg/1 and an equivalent dosage of lime are used 
to coagulate a water, (a) How many pounds of ferrous sulfate per million gallons 
are used? (b) How many pounds of hydrated lime per million gallons are used, 
assuming a purity of 70% CaO? (c) How many pounds of ferric hydroxide are 
theoretically produced per million gallons of water treated? 

11.16. Treatment of a water supply requires 60 mg/1 of ferric chloride as a coagulant. 
The natural alkalinity of the water is 40 mg/1. Based on theoretical chemical 
reactions, what dosage of lime as CaO is required to react with the ferric chloride 
after the natural alkalinity is exhausted? 

11'17. The data listed below are from a pilot-plant study to determine turbidity and 
Giardia cyst removal from a cold, low-turbidity water (less than 1°C and 
0.5 NTU in winter) by direct filtration using a cationic polymer as the coagulant 
[Reference 14, Chapter 10]. The filter was a dual-media coal-sand bed, 2 ft by 
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2 ft square, operated for most test runs at a loading of approximately 12 
(4.9 gpm/ft^) for durations in the range of 3-22 h. During selected filter runs, 
Giardia cysts and coliform bacteria were injected into the raw water for 40- 
60 min and tested for presence in the filtered water. Calculate the percentages 
for Giardia cyst and coliform removals. Plot turbidity versus polymer dosage 
for both the raw water and filtered water on the same diagram. What is the least 
dosage of polymer for maximum turbidity removal? What appears to be an ac¬ 
ceptable turbidity in the effluent to ensure 98%-99% (virtually 100%) Giardia 
cyst removal? 


Filter 

Water 

Polymer 

Turbidity 

Giardia lamblia 

Conforms 

loading 

temp. 

dosage 

Inf. 

Eff. 

Inf. 

Eff. 

Inf. 

Eff. 

(mVm^'h) 

(*C) 

(mg/l) 

(NTU) 

(NTU) 

(Cysts/1) 

(Cysts/1) 

(0rg/100ml)(0rg/100inl) 

12.3 

2.7 

0 

0.46 

0.30 





80 

0.3 

0 

0.45 

0.22 

340 

69 



12.1 

1.9 

5 

0.48 

0.30 





12.2 

0.3 

10 

0.60 

0.05 





12.3 

0.3 

10 

0.47 

0.03 





11.4 

0.3 

12 

0.45 

0.03 



360 

9 

12.3 

03 

12 

0.48 

0.04 





87 

1.9 

13 

0.61 

0.06 

270 

0.4 

3900 

580 

12.3 

0.3 

13 

0.47 

0.03 





12.2 

0.3 

14 

0.49 

0.03 





119 

8.3 

18 

0.65 

0.07 

3.2 

0 

8700 

190 

125 

7.6 

24 

0.43 

0.02 

410 

0 

5800 

3 

12.3 

0.2 

24 

0.48 

0 02 






11.18. Presedimentation reduces the turbidity of a raw river water from 15(X) mg/1 sus¬ 
pended solids to 200 mg/I, How many pounds of dry solids are removed per 
million gallons? If the settled sludge has a concentration of 8% solids and a 
specific gravity of 1.03, calculate the sludge volume produced per million gal¬ 
lons of river water processed. 

11.19. Sketch a preliminary process flow diagram for a water treatment plant to clarify 
and disinfect a turbid surface water at a design flow of 50 mgd. Use two identi¬ 
cal, parallel, and separate processing lines with rapid mixing, flocculation, sedi¬ 
mentation, filtration, and clear-well storage. The flocculation and sedimentation 
processes for each line are in the same large rectangular concrete tank with 
paddle flocculators in baffled compartments ahead of the sedimentation section 
with effluent “finger” channels extending into the tank from the outlet end 
(Figs. 10.14 and 10.16). For each line, use four gravity dual-media coal-sand 
filters with deep filter boxes to prevent “air binding” and flow control by influent 
flow splitting for constant-rate filtration (Fig. 10.35). The preferred filter bottom 
is the plastic dual-lateral block underdrain illustrated in Fig. 10.31. 

On the flow diagram, show the chemicals to be added with alternate points 
of application. The raw water has a turbidity ranging from 10 to 40 NTU, and in 
the spring the water contains natural organic matter that creates bad taste and 
odor and forms trihalomethanes with prechlorination. The fluoride concentra¬ 
tion is less than optimum. The treatment plant must meet the EPA rule for sur- 
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face water disinfection as discussed in Section 11.24. Sketch a longitudinal 
cross-sectional view of the flocculation-sedimentation tank. List the design cri¬ 
teria for sizing the flocculation section and specifying paddle flocculators, sizing 
the sedimentation section and effluent channels, and sizing the filters. Sketch a 
plan view of the clear well to ensure compliance with the EPA disinfection rule. 

11.20. The water defined by the analysis given below is to be softened by excess-lime 
treatment, (a) Sketch an meq/1 bar graph, (b) Calculate the softening chemicals 
required, (c) Draw a bar graph for the softened water after recarbonation and 
filtration, assuming that 80% of the alkalinity is in the bicarbonate form. 

CO 2 = 8.8 mg/1 AlkCHCOj-) = 135 mg/1 

Ca2^ = 40.0 mg/1 S 04 =- = 29.0 mg/1 

Mg2^ = 14.7 mg/1 Cl- = 17.8 mg/1 

Na-^ = 13.7 mg/1 

11.21. Settled water after excess-lime treatment, before recarbonation and filtration, 
contains 35 mg/1 of CaO excess lime in the form of hydroxyl ion, 30 mg/I of 
CaCOj as carbonate ion, and 10 mg/1 as CaCOa of Mg(OH )2 in the form of 
hydroxyl ion. First-stage recarbonation precipitates the excess lime as CaCOa 
for removal by sedimentation, and second-stage recarbonation converts a por¬ 
tion of the remaining alkalinity to bicarbonate ion. Calculate the carbon dioxide 
needed to neutralize the excess lime and convert one-half of the alkalinity in the 
finished water to the bicarbonate form. Assume an excess of 20% of the calcu¬ 
lated CO 2 is required to account for unabsorbed gas escaping from the recarbon¬ 
ation chamber. 

11.22. For the water analysis given in Prob. 11.5, calculate the additions of CaO, 
Na 2 C 03 , and CO 2 needed for excess-lime softening. Sketch a bar graph for the 
finished water after two-stage precipitation softening by excess-lime treatmen*’ 
with intermediate and final recarbonation (Fig. 11.7). Assume that three-quarters 
of the alkalinity in the finished water is in the bicarbonate form. 

11.23. For the water analysis given in Prob. 11.5, calculate the lime dosage required for 
selective calcium removal. The process flow scheme is a single-stage system of 
mixing, sedimentation, and filtration. Draw a bar graph for the finished water. Is 
this softening process recommended for this water? 

11.24. A groundwater supply has the following analysis: 

calcium = 94 mg/1 bicarbonate = 317 mg/1 

magnesium = 24 mg/1 sulfate = 67 mg/1 

sodium = 14 mg/1 chloride = 24 mg/1 

1. Calculate the quantities of lime and soda ash for excess-lime softening, and 
the carbon dioxide reacted for neutralization by two-stage recarbonation. As¬ 
sume the practical limits of hardness removal for calcium as 30 mg/1 as 
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CaC 03 and magnesium as 10 mg /1 as CaCOs, and three-quarters of the final 
alkalinity is converted to bicarbonate. Calculate the finished hardness and 
sketch the bar graphs for the raw and finished waters. 

2. Calculate the chemical dosages for split-treatment softening, assuming a per¬ 
missible magnesium hardness in the finished water of 40 mg/1. Follow the 
methods of solution in Example 11.6. Draw the bar graphs, after first-stage 
lime treatment, of the unreacted combined first-stage effluent and bypassed 
flow, and the finished water after reaction of soda ash. Calculate the finished 
water hardness. 

3. Calculate the chemical dosages for split-treatment softening using the method 
of solution in Example 11,7. Draw the bar graph after first-stage excess- 
lime-soda ash treatment and the finished water after reaction of the excess 
lime with the bypassed flow. Calculate the finished water hardness. 

11.25. Compute the lime dosage needed for selective calcium-removal softening of the 
water described by the following analysis. What is the finished water hardness? 


11 


Ca^^ = 63 mg/1 

C 03 ^- = 16 mg /1 

MgZH- = 15 mg /1 

HCOr = 189 mg/1 

Na+ = 20 mg /1 

SO^~ = 80 mg /1 

K+ = 10 mg /1 

Cl- = 10 mg/1 

Consider the split-treatment softening of water described by the analysis below. 
Use the criteria for the finished water as given in Example 11.6. Draw a bar graph 
for the finished water after second-stage treatment with soda ash, sedimentation, 


and final filtration. 


COz =15 mg/1 as COz 

HCO 3 - = 200 mg /1 as CaCOa 

Ca^^ = 60 mg /1 

SO 42 - = 96 mg/1 

Mg2-^ = 24 mg/1 

Cl" = 35 mg/1 

Na"^ = 46 mg/1 



11.27. Sketch a preliminary process flow diagram for a split-treatment lime-soda ash 
water treatment plant to soften a design flow of 60 mgd. Use six equal-sized 
flocculator-clarifiers (Fig. 10.23). The first-stage flow for excess-lime treatment 
is expected to be no greater than 50% of the raw water. Use eight gravity dual¬ 
media coal-sand filters with traditional flow control using rate-of-flow control¬ 
lers (Fig. 10.33). The preferred backwashing system is air scouring prior to water 
backwash. The clear-well capacity is 6.0 mil gal. The raw water has a hardness 
of approximately 230 mg/1, iron in the range of 0.2-0.3 mg/1, and a less than 
optimum concentration of fluoride. On the flow diagram, show the chemicals 
being added and their points of application. Sketch a cross-sectional view of the 
filter box showing the wash-water troughs, filter media, and underdrain system. 
List the design criteria for sizing the flocculator-clarifiers and filters. 
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11.28. The ionic characteristics of a fossil groundwater in an arid region are listed be¬ 
low. Draw a milliequivalents-per-liter bar graph and calculate total hardness and 
alkalinity. One recommendation for improving the quality of the water for do¬ 
mestic use is lime-soda ash softening to reduce hardness and total dissolved 
solids (TDS). Calculate the lime and soda ash additions for excess-lime treat¬ 
ment and draw the final bar graph after recarbonation. Calculate the theoretical 
total dissolved solids content by summing the weights of the ions (or hypotheti¬ 
cal combinations) in the softened water. Was the recommendation of lime-soda 
ash softening appropriate? 

Ca^^ = 108 mg/1 HCO 3 - = 146 mg/1 TDS = 900 mg/1 

Mg2-^ = 44 mg/1 SO^- = no mg/1 

Na+ = 138 mg/1 Cl' = 366 mg/1 

11.29. Sketch a meq/1 bar graph of the water described in Prob. 11.20 after it is softened 
to zero hardness by cation exchange softening. 

11.30. Consider the ion exchange softening of water described in Example 11.4. If 
0.3 lb of NaCl is required to regenerate the resin bed per 1000 grains of hardness 
removed, calculate the salt required per million gallons of water softened. Sketch 
a meq/1 graph for the ion-exchange-softened water. How does finished water 
from ion exchange softening differ from finished water produced in lime-soda 
softening? 

11.31. A small community has used an unchlorinated well water supply containing ap¬ 
proximately 0.3 mg/1 of iron and manganese for several years without any ap¬ 
parent iron and manganese problems. A health official suggested that the town 
install chlorination equipment to disinfect the water and provide a chlorine re¬ 
sidual in the distribution system. After initiating chlorination, consumers com¬ 
plained about water staining washed clothes and bathroom fixtures. Explain what 
is occurring due to chlorination. 

11.32. The iron and manganese removal process for the well supply of a small com¬ 
munity is mechanical aeration, the addition of potassium permanganate followed 
by detention in a contact tank, pressure filtration, and postchlorination. The con¬ 
struction specifications called for manganese-treated greensand; however, the 
actual filter medium provided was plain sand. Customers often complained that 
the treated water caused staining of bathroom fixtures and laundry. The common 
response of the plant operator was to increase the chemical dosage, which did 
not seem to improve the situation. The operator even tried prechlorination of the 
water in combination with potassium permanganate addition, but that appeared 
to increase the staining characteristics of the treated water. Discuss the most 
probable cause of the poor-quality finished water and your recommendations for 
improvement. 

11.33. Untreated well water contains 1.2 mg/1 of iron and 0.8 mg/1 of manganese at a 
pH of 7.5. Calculate the theoretical dosage of potassium permanganate required 
for iron and manganese oxidation. 
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11.34. Iron and manganese are removed by aeration, chlorine oxidation, sedimentation, 
and sand filtration from a well water supply. The plant processes 3000 mVd with 
application of 2.5 mg/1 chlorine. Calculate the usage in kilograms per monthfor 
each of the following chemicals: chlorine gas, 70% granular calcium hypochlo¬ 
rite, and 12% sodium hypochlorite solution. At the same pH of the chlorinated 
water, do all of these chemicals form the same kind of chlorine residual? 

11.35. The results of a chlorine demand test on a raw water at 20® C are given in the 
following table. 


Sample 

Chlorine 

dosage 

(mg/1) 

Residual chlorine 
after 10 min of contact 
(mg/1) 

1 

0.20 

0.19 

2 

0.40 

0.37 

3 

0.60 

0.51 

4 

0.80 

0.50 

5 

1.00 

0.20 

6 

1.20 

0.40 

7 

1.40 

0.60 

8 

1.60 

0.80 


1. Sketch the chlorine demand curve. 

2. What is the breakpoint chlorine dosage? 

3. What is the chlorine demand at a chlorine dosage of 1.20 mg/1? 

11.36. The practice of combined residual chlorination involves feeding both chlorine 
and anhydrous ammonia. Calculate the stoichiometric ratio of chlorine feed to 
ammonia feed for combined chlorination. 

11.37. List the possible applications of ozone in water treatment. If ozone is applied for 
disinfection, may the use of chlorine be eliminated? 

11.38. What is the suspected health risk of trihalomethanes (THMs) in drinking water, 
and how was this risk demonstrated? What is the origin of THMs in treated 
water? If the finished water from a river water treatment plant contains an exces¬ 
sive concentration of THMs during spring runoff, what remedial actions can be 
taken to reduce THM formation? 

11.39. Define the meaning of the C*f product. What factors affect the C't value used in 
design and operation of a drinking water disinfection system? With reference to 
Table 11.6, what kind of microorganism is most readily inactivated by free chlo¬ 
rine? What kind is the most difficult to inactivate? List the tabulated disinfectants 
in the order of most effective to least effective in disinfecting action. 

11.40. Using Eq. (11.68), calculate the C‘t value for G. lamblia inactivation at a free 
chlorine concentration of 0.80 mg/1, pH equal to 8.0, and temperature of lO^C. 
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Correct this value for 5“C, using Eq. (11.29), and extrapolate to 99% inactiva¬ 
tion. How does tliis result compare to the value in Table 11.6? Extrapolate the 
calculated value at 10°C to 99.9% inactivation and compare the result with the 
value in Table 11.7. 

11.41. From Table 11.7, what is the C't value for 99.9% (3.0-log) inactivation of Giar- 
dia cysts at a free chlorine residual of 1.0 mg/1, temperature of 10“C, and 
pH 7.5? How does a water temperature increase to 20®C affect the C't? A de¬ 
crease to S^C? 

11.42. A surface water treatment plant at a winter resort city has been designed to pro¬ 
cess cold, low-turbidity water by direct filtration based on the pilot-plant study 
described in Prob. 11.17. The filtered water has a turbidity of less than 0.1 NTU, 
temperature of 0.5“C„ and pH of 7.4 during the period of highest water con¬ 
sumption in the winter. Tracer analyses of the clear-well reservoir are illustrated 
in Fig. 11.20. At the critical hourly flow of 3.0 mgd, fjo = 90 min. To comply 
with the EPA surface water disinfection regulation, what free chlorine residual 
must be maintained in filtered water at the outlet of the clear well? 

11.43. Figure 11.30 illustrates surface water schemes of conventional water treatment 
and direct filtration treatment. Review data provided in Section 11.24. Fill in the 



(b) 

Figure 11.30 Surface-water treatment schemes listing the expected 
removals of Giardia and viruses by: (a) Conventional water treatment, 
lb) Direct filtration treatment. 
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names of unit processes in the boxes and the numerical values of log removals 
required by the EPA in the blank spaces. 

11.44. A surface water treatment plant with coagulation, sedimentation, filtration, and 
effluent chlorination is being evaluated for compliance with the EPA surface 
water disinfection regulation. The critical time of the year is during peak demand 
in the summer when the finished water temperature is 15°C or greater, pH is 7.5 
or less, and the turbidity is 0.3-0.4 NTU. Prechlorination cannot be practiced 
because of trihalomethane formation. Data from the tracer analysis at peak 
hourly flow through the clear well, which has been modified by installation of 
baffles to reduce short-circuiting, are given in Prob. 10.6. After the clear well 
and prior to the first service connection, the finished water is transported through 
a pipeline for 4000 ft at a velocity of 5 fps. What chlorine residual must be 
present in the water at the outlet of the pipeline? 

11.45. A groundwater supply has been designated as vulnerable to fecal contamination, 
and the state has specified a disinfection level of 99.99% (4.0-log) virus inacti¬ 
vation. The peak hourly pumping rate is 2000 gpm fi'om the well field through a 
4200-ft pipe with a 16-in. diameter to a reservoir in the town. The water tem¬ 
perature is 10® C. What chlorine residual is required in the water at the outlet of 
the pipeline? 

11.46. A groundwater treatment plant adds chlorine to oxidize iron and manganese for 
removal by filtration. The groundwater temperature during peak summer usage 
is 10°C and the pH is 7.8. Based on a tracer study, the fjo time from chlorine 
addition in the contact tank through filtration is 1.8 min. The t lo time in the clear 
well during peak pumpage is 8.0 min. The chlorine residual in the filter effluent 
is 0.8 rag/1 and in the clear-well effluent is 0.4 mg/1. Is the disinfection adequate 
for 3.0-log inactivation of viruses? 

11.47. What determines the occurrence and concentrations of different kinds of patho¬ 
gens present in a municipal wastewater? In general terms, to what degree are 
different kinds of pathogens removed in conventional wastewater treatment with¬ 
out effluent chlorination? With effluent chlorination? 

11.48. A conventional activated-sludge treatment plant with effluent chlorination con¬ 
sistently produces a treated wastewater with a BOD less than 20 mg/1, suspended 
solids less than 30 mg/1, and fecal coliform count less than 200 organisms per 
100 ml. The effluent has been described by the plant superintendent as clear 
“sparkling” water. You have been asked to evaluate the feasibility of using the 
effluent to irrigate the city’s public park with playgrounds and to apply to the 
state department of environmental control for permission to reuse the waste- 
water for this application. To introduce the idea and to allay the fears of an 
environmental citizens group, you have been asked to present a preliminary as¬ 
sessment of the situation to the city council. Outline the subjects that you 
would discuss in your presentation. (Refer to Sections 7.1, 11.26, 11.27,14.5, 
14.15, and 14.17.) 
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11.49. What dosage of commercial fluosilicic acid is needed to increase the fluoride luii 
concentration from 0.3 to 1.0 mg/I? Use fluosilicic acid data from Table 11.12 
and express the answers as mg /1 and Ib/mil gal. 

11.50. A 4.0% sodium fluoride solution is applied to increase the fluoride concentration 
from 0.4 to 1.0 mg/1 in a municipal water supply, (a) What is the application rate 
of NaF solution in gal/mil gal? (b) How many pounds of commercial-grade so¬ 
dium fluoride are needed per million gallons? 

11.51. Calculate the saturation index of the softened water from Example 11.6 
[Fig. 11.12(e)] at 20® C and pH of 10.2. 

11.52. Calculate the saturation index from the water analysis in Prob. 11.25 for pH 8.0 
at50®F. 

11.53. What is the health risk of dietary intake of lead? (Refer to Section 7.4.) Why are 
first-flush samples collected from consumers’ faucets used to assess lead con¬ 
tamination of drinking water? What are recommended methods of controlling 
excessive lead concentrations? 

11.54. List three possible methods for controlling crown corrosion in a large concrete 
sanitary sewer. 

11.55. A distilled seawater contains 25 mg/1 of sodium chlorine. (Negligible amounts 
of magnesium, calcium, potassium, and sulfate are also present.) To stabilize this 
corrosive water, sufficient lime is applied to add 15 mg/l of calcium ion, and the 
hydroxide ion is converted to bicarbonate ion by applying carbon dioxide. (The 
equilibrium pH for stabilization is generally 8.5-8.7.) The desalinated stabilized 
water is transported to a blending plant where brackish groundwater is added 
prior to delivery to the water distribution system. The criterion for blending is 
a product water with not more than 250 mg/l chloride, 250 mg/l Sulfate, or 
100 mg/l of sodium. Based on the analysis of the groundwater listed below, what 
percentage of the blended water can be groundwater? Sketch milliequivalents- 
per-liter bar graphs for the distilled seawater, stabilized distilled water, and 
blended water. 

Ca2+ = 220 mg/l Na^ = 580 mg/l SO^^- = 420 mg/l 

Mg2+ = 74 mg/l HCO 3 - = 210 mg/l Cl" = 1030 mg/l 

11.56. Review Example 11.15. Evaluate the feasibility of operating this reverse-osmosis 
plant at a water recovery of 90%. (The piTa — value for a total dissolved- 
solids concentration above 10,000 mg/l can be assumed to remain essentially 
constant at 2.1.) If 90% recovery were to be performed, what process changes 
would be required? 
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11.57. The quality characteristics of a deep-well water in an arid region with a hoi 
climate are 

calcium hardness = 270 mg/1 pH = g.l 

magnesium hardness = 180 mg/1 alkalinity = 120 mg/1 

sodium ion = 138 mg/1 sulfate ion = 110 mg/1 

iron ion = 0.40 mg/1 chloride ion = 344 mg/1 

manganese ion = 0.15 mg/1 fluoride ion = 1.4 mg/1 

total dissolved solids = 830 mg/1 nitrate nitrogen = 15 mg/1 
temperature = 27° C 

1. Is the water quality satisfactory for a municipal supply without treatment! 
Comment on any quality problems with respect to health and aesthetic 
standards. 

2. Propose a treatment scheme that will provide a water quality adequate to 
meet both health and aesthetic standards. Sketch a flow diagram showing the 
unit processes, chemical additions, and soarces of wastes for disposal. 

3. Sketch an approximate bar graph of the treated water. 

11.58. In Prob. 11.28, lime-soda ash softening of the groundwater did not produce a 
treated water of drinking quality. Sketch a preliminary process flow diagram to 
treat this groundwater for potable use. On the flow diagram, show the chemicals 
being added and their points of application. Consider also the disposal of any 
process wastewaters. 

11.59. What categories of chemicals are included in synthetic organic chemicals? In 
treatment of surface waters, how effective for removal of SOCs are conventional 
coagulation processes and the addition of powdered activated carbon for taste 
and odor control? What are the limitations in using aeration as a method for 
removal of VOCs from contaminated well water? 

11.60. Determine depths of packing and surface areas between 4 m and 8 m for a coun¬ 
tercurrent air-stripping tower to treat well water to reduce tetrachloroethylene 
from 100 /r.g/1 to 2 yug/l, trichlorethylene from 25 to 2 Atg/1, and cw-l,2-(li- 
chloroethylene from 70 to 2 /ig/1. The design flow rate is 441/s, and the lowest 
temperature anticipated is 7°C, based on groundwater temperature and cooling 
in the tower. The following data are based on pilot-scale packed-column tests 
(1) Henry’s law constants for tetrachloroethylene, trichloroethylene, and cis- 
1,2,-dichloroethylene are 0.30, 0.21, and 0.094 at 7°C, respectively. 
mass transfer coefficient for the most efficient and cost-effective conunerci 
packing is 0,015 s“‘. (3) The optimum air-to-water ratio is 20:1. 

11.61. Outlined below is the sequence of unit operations and chemical additions used 
in the treatment of a well water supply. Briefly state the function or purpose o 
each unit process and the reason for each chemical addition: 
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1. Mixing and flocculation with the addition of lime 

2. Sedimentation 

3. Recarbonation 

4. Granular-media filtration 

5. Postchlorination 

11.62. Outlined below is the sequence of unit operations and chemical additions used 
in the treatment of a well water supply. Briefly state the function or purpose of 
each unit process and the reason for each chemical addition: 

1. Prechlorination at the wells 

2. Aeration over a tray aerator 

3. Rechlorination 

4. Detention in a settling basin 

5. Granular-media filtration 

6. Addition of anhydrous ammonia 

11.63. Outlined below is the sequence of unit operations and chemical additions used 
in the treatment of a well water supply. Briefly state the function or purpose of 
each unit process and the reason for each chemical addition; 

1. Prechlorination at the wells 

2. Mixing-flocculation-sedimentation in floccuklor-clarifiers using split 
treatment with lime and alum added to one leg and potassium permanganate 
to the other leg 

3. Granular-media filtration 

4. Postchlorination 

11.64. Consider the following sequence of unit operations and chemical additions used 
in the treatment of a river water supply. Briefly state the function or purpose of 
each unit process and the reason for each chemical addition: 

1. Presedimentation with polymer addition 

2. Activated carbon available when needed 

3. Mixing and flocculation with the addition of alum and polymer 

4. Sedimentation 

5. Addition of activated carbon 

6. Granular-media filtration 

7. Postchlorination 

11.65. Outlined below is the sequence of unit operations and chemical additions used 
in the treatment of a reservoir water supply. Briefly state the function or purpose 
of each unit process and the reason for each chemical addition: 

!• Intermittent applications of copper sulfate to the reservoir during summer 
and fall 
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2. Chlorine dioxide available when needed 

3. Mixing and flocculation with the addition of alum and polymer 

4. Sedimentation 

5. Addition of activated carbon 

6. Granular-media filtration 

7. Postchlorination 

11.66. Outlined below is the sequence of unit operations and chemical additions used 
in the treatment of a brackish groundwater. Briefly state the function or purpose 
of each unit process and the reason for each chemical addition: 

1. Acidification with sulfuric acid 

2. Addition of sodium hexametaphosphate 

3. Cartridge filtration 

4. High-pressure pumps 

5. Reverse-osmosis modules 

6. Degasification using stripping towers 

7. Addition of sodium hydroxide 

8. Addition of chlorine 


12 . 


13. 


14, 


15. 


16. 


17. 


18. 


19. 
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Biological Treatment 
Processes 


Prologue 

The purpose of this chapter is to; 

■ Discuss the types and characteristics of microorganisms used in bio¬ 
logical treatment processes 

■ Describe the purposes for and operation of various types of biologi¬ 
cal treatment processes 


Biological processes are the most important unit operations in wastewater treatment. 
Therefore, biological considerations are discussed first, including kinds of microorga¬ 
nisms, their metabolism, and growth kinetics. Because the success of biological processes 
depends on the environment provided by treatment units, design engineers need a basic 
understanding of factors affecting the growth of mixed cultures. Subsequent sections 
present descriptions, operations, and design criteria for trickling filters, activated-sludge 
processes, and stabilization ponds. The final sections briefly present odor control, house¬ 
hold septic tank systems, and ocean outfalls. 

Wastewater treatment also includes physical processes, such as sedimentation and 
chemical disinfection, both of which were covered in previous chapters. The design 
engineer must select the best method of sludge disposal or reuse compatible with a 
selected wastewater treatment system. Processing of sludges is presented in Chapter 13. 


BIOLOGICAL CONSIDERATIONS 

Biological treatment systems are “living” system^ that rely on mixed biological cultures 
to break down waste organics and remove organic matter from solution. Domestic 
wastewater supplies the biological food, growth nutrients, and inoculum. A treatment 
unit provides a controlled environment for the desired biological process. Historically, 
civil engineers designed treatment systems on the basis of empirical rules. This practice 
has led to failures in sanitary design—not unsuccessful in the sense of collapse of a 
structure, but deficient in that the biological process did not function properly. Under¬ 
standing the biological processes involved in wastewater treatment is essential to a de¬ 
sign engineer. 
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12.1 Bacteria and Fungi 

Bacteria (singular, bacterium) are the simplest forms of plant life that use soluble food 
and are capable of self-reproduction. Bacteria are fundamental microorganisms in the 
stabilization of organic wastes and therefore are of basic importance in biological treat¬ 
ment. Individual bacterial cells range in size from approximately 0.5 to 5 pm in rod, 
sphere, and spiral shapes and occur in a variety of forms: individual, pairs, packets, and 
chains. 

Bacteria reproduce by binary fission (the mature cell divides into two new cells). In 
most species, the process of reproduction—growth, maturation, and fission—occurs in 
20-30 min under ideal environmental conditions. Certain bacterial species form spores 
as a means of survival under adverse environmental conditions. Their tough coating is 
resistant to heat, lack of moisture, and loss of food supply. Fortunately, only one spore¬ 
forming bacterium. Bacillus anthracis, * is pathogenic to man. As the result of stringent 
public health measures, incidents of anthrax in man are rare. 

Based on nutritive requirements, bacteria are classified as heterotrophic or auto¬ 
trophic bacteria, although several species may function both heterotrophically and 
autotrophically. 

Heterotrophic bacteria use organic compounds as an energy and carbon source 
for synthesis. Another term used instead of heterotroph is saprophyte, which refers to 
an organism that lives on dead or decaying organic matter. The heterotrophic bacteria 
are grouped into three classifications, depending on their action toward free oxygen. 
Aerobes require free dissolved oxygen to live and multiply. Anaerobes oxidize organic 
matter in the complete absence of dissolved oxygen. Facultative bacteria are a class of 
bacteria that use free dissolved oxygen when available but can also respire and multiply 
in its absence. Escherichia coli, a fecal coliform, is a facultative bacterium. 

Autotrophic bacteria use carbon dioxide as a carbon source and oxidize inorganic 
compounds for energy. Autotrophs of greatest significance in sanitary engineering 
are the nitrifying, sulfur, and iron bacteria. Nitrifying bacteria perform the following 
reactions: 

NH 3 (ammonia) -I- oxygen > NOj” (nitrite) + energy (12.1) 

NOj' (nitrite) + oxygen > NO 3 " (nitrate) + energy ( 12 . 2 ) 

Autotrophic sulfur bacteria, Thiobacillus, convert hydrogen sulfide to sulfuric acid 
[Eq. (12.3)]. This bacterial production of sulfuric acid occurs in the moisture of conden¬ 
sation on side walls and crowns of sewers conveying septic wastewater. Since thiobacilli 
can tolerate pH levels less than 1.0, sanitary sewers constructed on flat grades in warm 
climates should be built using corrosion-resistant materials. 

H 2 S (hydrogen sulfide) -f- oxygen -> H 2 SO 4 + energy ( 12 ’^^ 

Tme iron bacteria are autotrophs that oxidize inorganic ferrous iron as a source of 
energy. These filamentous bacteria occur in iron-bearing waters and deposit the oxidized 
iron, Fe(OH) 3 , in their sheath [Eq. (12.4)]. All species of the iron bacteria Leptothrix and 


•Bacteria are named using a binominal system; that is, each species is given a name consisting of two words. 
The first word is the genus and the second the name of the species. 
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Crenothrix may not be strictly autotrophic; however, they are truly iron-accumulating 
bacteria and thrive in water pipes conveying water containing dissolved iron and form 
yellow- or reddish-colored slimes. When mature bacteria die, they may decompose, im¬ 
parting foul tastes and odors to water. 

Fe^'^ (ferrous) + oxygen Fe^"^ (ferric) + energy (12.4) 

Fungi (singular, fungus) is a conunon term used to refer to microscopic nonphoto¬ 
synthetic plants, including yeasts and molds. The most important group of yeasts for 
industrial fermentations are the genus Saccharomyces. Saccharomyces cerevisiae is the 
common yeast used by bakers, distillers, and brewers. Saccharomyces cerevisiae is 
single celled, commonly 5-10 jim in size, and reproduces by budding, in which large, 
mature cells divide, each producing one or more daughter cells. Under anaerobic con¬ 
ditions, this yeast produces alcohol as an end product. Saccharomyces cerevisiae is fac¬ 
ultative and performs the following reactions: 

Anaerobic: Sugar alcohol + CO 2 + energy (12.5) 

Aerobic: Sugar + oxygen -> CO 2 + energy (12.6) 

Energy yield in the aerobic reaction is much greater than in the anaerobic fermentation. 

Molds are saprophytic or parasitic filamentous fungi that resemble higher plants in 
stmcture, composed of branched, filamentous, threadlike growths called hyphae. Molds 
are nonphotosynthetic, multicellular, heterotrophic, aerobic, reproduce by spore forma¬ 
tion, and grow best in low-pH solutions (pH 2-5) high in sugar content. Molds are 
undesirable growths in activated sludge and can be created by low-pH conditions. The 
operation of an activated-sludge wastewater treatment system relies on gravity separa¬ 
tion of microorganisms from the wastewater effluent. A large growth of molds creates a 
filamentous activated sludge that does not settle easily. 


12.2 Algae 

Algae (singular, alga) are microscopic photosynthetic plants. The process of photosyn¬ 
thesis is illustrated by the equation 

CO 2 + IHjO ^ =± new cell tissue + O 2 + H 2 O (12.7) 

dark reaction 

The overall effect of this reaction is to produce new plant life, thereby increasing the 
number of algae. By-product oxygen results from the biochemical conversion of water. 

Algae are autotrophic, using carbon dioxide (or bicarbonates in solution) as a car¬ 
bon source. The nutrients of phosphorus (as phosphate) and nitrogen (as ammonia, ni¬ 
trite, or nitrate) are necessary for growth. Certain species of blue-green algae are able to 
fix atmospheric nitrogen. In addition, certain trace nutrients are required, such as mag¬ 
nesium, sulfur, boron, cobalt, molybdenum, calcium, potassium, iron, manganese, zinc, 
and copper. In natural waters, the nutrients most frequently limiting algal growth are 
inorganic phosphoms and nitrogen. 

Energy for photosynthesis is derived from sunlight. Photosynthetic pigments bio¬ 
chemically convert energy in the sun’s rays to useful energy for plant synthesis. The 
roost common pigment is chlorophyll, which is green in color. Other pigments or com- 
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binations of pigments result in algae of a variety of colors, such as blue-green, yellowish 
green, brown, and red. In the prolonged absence of sunlight, the algae perform a dark 
reaction—fof practical purposes the reverse of synthesis. In the dark reaction, the algae 
degrade stored food or their own protoplasm for energy to perform essential biochemical 
reactions for survival. The rate of this endogenous reaction is significantly slower than 
the photosjmthetic reaction. 

Algae grow in abundance in stabilization ponds rich in inorganic nutrients and 
carbon dioxide released from bacterial decomposition of waste organics. Green algae 
Chlorella are commonly found in oxidation ponds. Certain genera of algae are identified 
with clean water, such as Navicula. Descriptions and pictorial representations of algae 
occurring in water and wastewater are given in Standard Methods for the Examination 
of Water and Wastewater [1]. 

12.3 Protozoans and Higher Animals 

Protozoai)S are single-celled animals that reproduce by binary fission. The protozoans 
of significance in biological treatment systems are strict aerobics found in activated 
sludge, trickling filters, and oxidation ponds. These microscopic animals have complex 
digestive systems and use solid organic matter as an energy and carbon source. Proto¬ 
zoans are a vital link in the aquatic chain because they ingest bacteria and algae. 

Protozoans with cilia may be categorized as free swimming and stalked. Free- 
swimming forms move rapidly in the water, ingesting organic matter at a very high rate. 
The stalked forms attach by a stalk to particles of matter and use cilia to propel their 
head about and bring in food. Another group of protozoans move by flagella. Long 
hairlike strands (flagella) move with a whiplike action, providing motility. Amoeba 
move and ingest food through the action of a mobile protoplasm. 

Rotifers are the simplest multicelled animals. They are strict aerobes and metabo¬ 
lize solid food. A typical rotifer uses the cilia around its head for catching food. The 
name rotifer is derived from the apparent rotating motion of the cilia on its head. Roti¬ 
fers are indicators of low pollutional waters and are regularly found in streams and lakes. 

Crustaceans are multicellular animals with branched swimming feet or a shell-like 
covering, with a variety of appendages (antennae). The two most common crustaceans 
of interest are Daphnia and Cyclops. Crustaceans are strict aerobes and ingest micro¬ 
scopic plants. The zooplankton population in a lake includes a wide selection of crus¬ 
taceans that serve as food for fishes. 

12.4 Metabolism, Energy, and Synthesis 

Metabolism (catabolism) is the biochemical process (a series of biochemical oxidation- 
reduction reactions) performed by living organisms to yield energy for synthesis, mo¬ 
tility, and respiration to remain viable. In standard usage, metabolism implies both 
catabolism and anabolism—that is, both degradation and assimilative reactions. 

The metabolism of autotrophic bacteria is illustrated in Eqs. (12.1) through (12.4). 
In these reactions, the reduced inorganic compounds are oxidized, yielding energy for 
synthesis of carbon from carbon dioxide, producing organic cell tissue. (In the case of 
algae, Eq. (12.7), the carbon source is carbon dioxide but the energy is from sunlight.) 

In heterotrophic metabolism, organic matter is the substrate (food) used as an en¬ 
ergy source. However, the majority of organic matter in wastewater is in the form of 
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large molecules that cannot penetrate the bacterial cell membrane. The bacteria, in order 
to metabolize high-molecular-weight substances, must be capable of hydrolyzing the 
large molecules into diffusible fractions for assimilation into their cells. Therefore, the 
first biochemical reactions are hydrolysis* of complex carbohydrates into soluble sugar 
units, protein into amino acids, and insoluble fats into fatty acids. Under aerobic condi¬ 
tions, the reduced soluble organic compounds are oxidized to end products of carbon 
dioxide and water [Eq. (12:8)]. Under anaerobic conditions, soluble organics are de¬ 
composed to intermediate end products, such as organic acids and alcohols, along with 
the production of carbon dioxide and water [Eq. (12.9)]. Many intermediates, such as 
butyric acid, mercaptans (organic compounds with —SH radicals), and hydrogen sulfide 
have foul odors. 

Under anaerobic conditions, if excess organic acids are produced, the pH of the 
solution will drop sufficiently to “pickle” the fermentation process. This is the principle 
used for preservation of silage. Bacteria produce an overabundance of organic acids in 
the anaerobic decomposition of the green fodder stored in the silo, inhibit further bac¬ 
terial decomposition, and preserve the food value of the fodder. However, if proper 
environmental conditions exist to prevent excess acidity from the production of organic 
acid intermediates, populations of acid-splitting methane-forming bacteria will develop 
and use the organic acids as substrate [Eq. (12.10)]. The combined biological processes 
of anaerobic decomposition of raw organic matter to soluble organic intermediates and 
the gasification of the intermediates to carbon dioxide and methane is referred to as 
digestion. 

Aerobic: Organics + oxygen -> CO 2 + H 2 O + energy ( 12 . 8 ) 

Anaerobic: Organics intermediates + CO 2 + HjO + energy ( 12 . 9 ) 

Organic acid intermediates CH 4 + CO 2 + energy ( 12 . 10 ) 

The growth and survival of nonphotosynthetic microorganisms are dependent on 
their ability to obtain energy from the metabolism of substrate. Biochemical metabolic 
processes of heterotrophs are energy-yielding oxidation-reduction reactions in which 
reduced organic compounds serve as hydrogen donors and oxidized organic or inorganic 
compounds act as hydrogen acceptors. Oxidation is the addition of oxygen, removal 
of hydrogen, or removal of electrons. Reduction is the removal of oxygen, addition of 
hydrogen, or addition of electrons. 

The simplified diagram of substrate dehydrogenation shown in Fig. 12.1 is intended 
to illustrate the general relationship between energy yields of aerobic and anaerobic 
metabolism. Enzymatic processes of hydrogen transfer and methods of biologically con¬ 
serving energy released are beyond the scope of this discussion. For students to under¬ 
stand fully the mechanisms illustrated in Fig. 12.1, a knowledge of the biochemistry of 
microorganisms is necessary [ 2 ]. 

Energy stored in organic matter (AH 2 ) is released in the process of biological oxi¬ 
dation by dehydrogenation of substrate followed by transfer of hydrogen, or electrons, 
to an ultimate acceptor. The higher the ultimate hydrogen acceptor is on the energy 
(electromotive) scale, the greater will be the energy yield from oxidation of 1 mole of a 
given substrate. Aerobic metabolism using oxygen as the ultimate hydrogen acceptor 
yields the greatest amount of energy. Aetobic respiration can be traced in Fig. 12.1 from 

Hydrolysis is the addition of water to split a bond between chemical units. 
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Figure 12.1 General scheme of substrate dehydrogenation for energy 
yield. (FAD: flavin adenine dinucleotide; NAD: nicotinamide adenine 
dinucleotide.) 


reduced organic matter (AH 2 ) at the bottom, through the hydrogen and electron carriers, 
to oxygen. Facultative respiration, using oxygen bound in nitrates and sulfates, yields 
less energy than aerobic metabolism. The least energy yield results from strict anaerobic 
respiration, where the oxidation of AH 2 is coupled with reduction of B (an oxidized 
organic compound) to BH 2 (a reduced organic compound). The preferential use of hy¬ 
drogen acceptors based on energy yield in a mixed bacterial culture is illustrated by the 
following equations; 

Aerobic AH 2 + Oj —► CO 2 ■+• H 2 O + energy (12.11) 

I AHj + NO3-► N2 + HjO -f .3 (12.12) 

(Faculative) AHj + SO 42 - —► HjS -h HjO + § ^ (12-13) 

I AHj + CO 2 —► CH 4 + H 2 O + i (12-14) 

Anaerobic AH 2 + B —► BH 2 H- A -I- energy (12.15) 
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Hydrogen acceptors are used in the sequence of dissolved oxygen first, followed by 
nitrates, sulfates, and oxidized organic compounds, in this general order. Thus hydrogen 
sulfide odor formation follows nitrate reduction and precedes methane formation. 

The biochemical reactions in Fig. 12.1 are performed by oxidation-reduction 
enzymes. Enzymes are organic catalysts that perform biochemical reactions at tem¬ 
peratures and chemical conditions compatible with biological life. The coenzyme com¬ 
ponent of the enzyme determines what chemical reaction will occur. Coenzymes 
nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD) are 
responsible for hydrogen transfer. Cytochromes are respiratory pigments that can un¬ 
dergo oxidation and reduction and serve as hydrogen carriers. 

Synthesis (anabolism) is the biochemical process of substrate utilization to form 
new protoplasm for growth and reproduction. Microorganisms process organic matter to 
create new cells. The cellular protoplasm formed is a combination of hundreds of com¬ 
plex organic compounds, including proteins, carbohydrates, nucleic acids, and lipids. 
Major elements in biological cells are carbon, hydrogen, oxygen, nitrogen, and phos¬ 
phorus. On a dry-weight basis, protoplasm is 10%-12% nitrogen and approximately 
2.5% phosphorus; the remainder is carbon, hydrogen, oxygen, and trace elements. 

Relationships between metabolism, energy, and synthesis are important in under¬ 
standing biological treatment systems. The primary product of metabolism is energy, 
and the chief use of this energy is for synthesis. Energy release and synthesis are coupled 
biochemical processes that cannot be separated. The maximum rate of synthesis occurs 
simultaneously with the maximum rate of energy yield (maximum rate of metabolism). 
Therefore, in heterotrophic metabolism of wastewater organics, maximum rate of re¬ 
moval of organic matter for a given population of microorganisms occurs during maxi¬ 
mum biological growth. Conversely, the lowest rate of removal of organic matter occurs 
when growth ceases. 

The major limitation of anaerobic growth is energy, owing to the fact that in an¬ 
aerobic decomposition a low energy yield per unit of substrate results from an incom¬ 
plete reaction (Fig. 12.2). In other words, the limiting factor in anaerobic metabolism is 
a tack of hydrogen acceptors. When the supply of biologically available energy is ex¬ 
hausted, the processes of metabolism and synthesis cease. 

Aerobic metabolism is the antithesis of anaerobiosis, biologically available carbon 
being the limiting factor (Fig. 12.3). Abundance of oxygen creates no shortage of hy- 
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in 
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Energy m end products 


Energy lost in respiration 
Energy synthesized in protoplasm 

Unused energy resulting from a 
lack of hydrogen acceptors 


Figure 12.2 Energy conversions in anaerobic 
metabolism. 
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Lost heat energy 


Energy lost in respiration 


Energy synthesized in protoplasm 


Figure 12.3 Energy conversions in aerobic 
metabolism. 


drogen acceptors. But the supply of substrate carbon is rapidly exhausted through res¬ 
piration of carbon dioxide and synthesis into new cells. 

The energy conversion diagrams shown schematically in Figs. 12.2 and 12.3 illus¬ 
trate the major features of anaerobic and aerobic metabolism. An anaerobic process 
has the following characteristics: incomplete metabolism, small quantity of biological 
growth, and production of high-energy products such as acetic acid and methane. An 
aerobic process results in complete metabolism and synthesis of the substrate, ending in 
a large quantity of biological growth. 

12.5 Enzyme Kinetics 

The reaction between an enzyme E and substrate S is postulated to be 

E + S^ES—>E + products (12.16) 

In the first step, E combines with S to form ES by a reversible reaction where ki is the 
rate constant for formation of ES, and ^2 is the rate constant for dissociation of ES to 
E and S. After combining to form ES, S is converted to products in the second step and 
E is released for combination with more S. The rate of conversion of ES to products is 
represented by ^ 3 . An enzyme-catalyzed reaction can be experimentally performed by 
placing a small quantity of an enzyme in a substrate solution and measuring the decom¬ 
position of substrate with time. For example, sucrose is split into its two separate sugar 
rings of glucose and fructose by the enzyme invertase that performs this hydrolysis. The 
reaction in the form of Eq. (12.16) is written 

Sucrose + invertase ^ sucrose-mvertoje 

—> glucose + fructose + invertase 

The ftrst satisfactory mathematical analysis of the effect of substrate concentration 
on the rate of enzyme-catalyzed reactions was made in 1913 by Michaelis and Menten 
[3]. 'nie derivation of their equation is based on Eq. (12.17), that is, the rate of decom- 
position of substrate is proportional to the concentration of the intermediate enzyme- 




12 5 Enzyme Kinetics 523 


substrate complex. For the reversible reaction E + S ES, the dissociation constant of 
ES, defined as K^, can be written as 


= 


(E - ES)S 
ES 


(12.17) 


Rearranging the equation, 


(ES) = 


(E)(S) 


(12.18) 


with ki the rate constant for decomposition of ES, the measured rate of decomposition 
of substrate r equals (ES), and 


fe3(E)(S) 
K„ + S 


(12.19) 


The maximum rate of decomposition r„ occurs when ES is at its maximum con¬ 
centration—that is, when all of the enzyme is combined with substrate and ES = E. 
Therefore, 


= k,(ES) = *3(E) 


( 12 . 20 ) 


Substituting r„ for ^ 3 (E) in Eq. (12.19) produces the Michaelis-Menten equation: 


or 



( 12 . 21 ) 

( 12 . 22 ) 


Since K„ and r„ are constants, Eq. (12.21) is a rectangular hyperbola, as shown in 
Fig, 12.4. Data from enzyme-catalyzed experiments by Michaelis and Menten are 
graphed to form this diphasic curve. From Eq. (12.22), when rjr = 2, the measured 
rate r is one-half the value of the limiting rate and = S. Therefore, the substrate 
concentration for attaining the half-maximum reaction rate is a characteristic constant 
K of an enzyme-catalyzed reaction, which is termed the saturation constant. 



Figure 12.4 Theoretical curve 
of reaction rate versus substrate 
concentration for an enzyme-catalyzed 
reaction [Eq. (12.21)]. 
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The substrate saturation phenomenon is a unique characteristic of enzymatic reac¬ 
tions and is the mathematical basis of kinetics in microbiology. For further explanation 
of this process, consider a batch experiment starting with a large amount of substrate 
relative to the concentration of enzyme. From Eq. (12.21), for a large S, canbe 
neglected and r = r„. This can also be seen in Fig. 12.4. The magnitude of depends 
on the maximum rate at which the enzyme present can decompose the substrate. The 
rate is zero order; that is, the reaction proceeds at a rate independent of the concentration 
of substrate. As the quantity of substrate decreases, the concentration of enzyme re¬ 
maining constant, the rate of reaction becomes increasingly dependent on the remaining 
substrate concentration. The rate at l/a corresponds to a substrate concentration equal 
to the saturation constant . Below this substrate concentration, some of the enzyme 
molecules are not combined with substrate, resulting in a first-order reaction, which 
proceeds at a rate directly proportional to the substrate concentration. When S is much 
smaller than S can be neglected in Eq. (12.21) and r = r„SIK„. 


12.6 Growth Kinetics of Pure Bacterial Cultures 


A pure culture can be grown in a laboratory reactor by inoculating a sterile liquid 
medium with a small number of viable bacteria of a single species. The characteristic 
growth pattern for bacteria in such a batch culture is sketched in Fig. 12.5. After a short 
lag period for adaptation to the new environment, the bacteria reproduce by binary fis¬ 
sion, exponentially increasing the number of viable cells and biomass in the culture 
medium. The existence of excess substrate promotes this maximum rate of growth. 
The rate of metabolism in the exponential growth phase is limited only by the micro¬ 
organisms’ ability to process the substrate. With X representing the concentration of 
biomass and /z a proportionality constant, the biomass growth rate can be expressed as 



(12.23) 



■^0 — -SmaN Sfn 0 


Time t 

Figure 12.5 Characteristic growth phases of a pure culture of 
bacteria. 
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Dividing both sides of Eq. (12.23) by X yields 

idX/dt), 


(12.24) 


where 

jjL = specific growth rate (rate of growth per unit of biomass), time"' 
(dXldt)g = biomass growth rate, mass/unit volume-time 
X = concentration of biomass, mass/unit volume 


The declining growth phase is caused by an increasing shortage of substrate. The 
rate of reproduction decreases until the number of viable bacteria is stationary, which 
occurs when the rate of reproduction is equal to the rate of death. The total biomass 
exceeds the mass of viable cells since many of the microorganisms stopped reproduc¬ 
ing owing to substrate-limiting conditions. By laboratory experimentation, Monod [4] 
studied the growth of bacteria in batch cultures. He found that growth was a function of 
both the concentration of microorganisms and the concentration of the growth-limiting 
substrate. The mathematical relationship proposed by Monod between the residual con¬ 
centration of the growth-limiting substrate and the specific growth rate of biomass is the 
hyperbolic equation 

= (12.25) 

where 

/i = specific growth rate, time"' 

li„ = maximum specific growth rate (at a concentration of the growth-limiting 
substrate at or above saturation), time"' 

S = concentration of growth-limiting substrate in solution, mass/unit volume 
Ks = saturation constant (equal to the limiting substrate concentration at one-half 
the maximum growth rate), mass/unit volume 

As shown in Fig. 12.6, Eq. (12.25) is similar in form to the Michaelis-Menten equation 
for enzyme-catalyzed reactions [Eq. (12.21) and Fig. 12.4]. The constant Ks, similar in 
function to in Eq. (12.22), is equal to the concentration of substrate S when the 
specific growth rate p equals one-half of the maximum growth rate p „. 



Limiting substrate concentration S 

Figure 12.6' Specific growth rate 
versus substrate concentration for the 
exponential and declining growth phases 
of a bacterial culture. 
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The specific growth-rate relationship in Eq. (12.25) can be substituted for the pro¬ 
portionality constant in Eq. (12.23). The result is the following expression for biomass 
growth rate in a substrate-limiting solution: 


where 


/dY\ ^ ix„XS 


(12.26) 


idXfdt)g = biomass growth rate, mass/unit volume* time 
fjL^ = maximum specific growth rate, time" ‘ 

X = concentration of biomass, mass/unit volume 
5 = concentration of growth-limiting substrate, mass/unit volume 
Ks = saturation constant, mass/unit volume 


The growth yield Y is defined as the incremental increase in biomass resulting from 
metabolism of an incremental amount of substrate [5]. The growth yield in a batch cul¬ 
ture (Fig. 12.5) is the biomass increase during the exponential and declining growlli 
phases (X„ — Xo) relative to the substrate used (5o — S„). Since growth is limited by 
depletion of the substrate, S„ is assumed to be zero. Therefore, 


X„-Xo = rSo (12.27) 

If a series of batch cultures are grown starting with different initial substrate concentra¬ 
tions, a plot of values versus their respective .^o values is a straight line with slope f 
(Fig. 12.7). For bacterial cultures, when conditions are maintained constant, the growth 
yield is a constant reproducible value [4]. 

Growth yield can also be expressed in derivative form as 

Substituting this into Eq. (12.26) results in an equation that defines the rate of substrate 
utilization in a solution in which the biomass growth rate is limited by the low concen- 



Initial concentration of 
growth-limiting substrate So 

Figure 12.7 Growth yield for a series 
oT four batch cultures (Fig. 12.5) is 
determined by plottingversus So. 
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ttation of substrate: 

\dtl Y(Ks + S) 


(12^9) 


where 

(,dS/dt)u = substrate utilization rate, time”' 

jjL„ = maximum specific growth rate, time"' 

X = concentration of biomass, mass/unit volume 
S = concentration of growth-limiting substrate, mass/unit volume 
Y = growth yield, mass/mass 
Ks = saturation constant, mass/unit volume 


In the endogenous growth phase (Fig. 12.5), viable bacteria are competing for the 
small amount of substrate still in solution. The rate of metabolism is decreasing at an 
increasing rate, resulting in a rapid decrease in the number of viable cells. Starvation 
occurs such that the rate of death exceeds the rate of reproduction. The total biomass 
decreases as cells utilize their own protoplasm as an energy source. Cells become old, 
die, and lyse, releasing nutrients back into solution. The action of cell lysis decreases 
both the number and mass of microorganisms, 

The rate of biomass decrease during endogenous respiration is proportional to the 
biomass present. Thus, 

(1230) 

where 

idX/dt)d - biomass decay rate, mass/unit volume* time 
kj = microbial decay coefficient, time"' 

X = concentration of biomass, mass/unit volume 

To determine net biomass growth rate during the endogenous growth phase, Eq. (12.30) 
IS combined with Eq. (12.26) and Eq. (12,30) with Eq. (12.28), resulting in the following 
equations: 



= (12 Jl) 

0232 ) 

\dt /„ 


The Monod relationship [Eq. (12.25)] modified to yield net specific growth rate is 


y (12.33) 

Ks "r i 

and the observed growth yield Tots accounting for the effect of endogenous respiration 
on the net biomass growth rate from the relationship in Eq. (12.28) is 


midt)T 

{dSldt)u 


(12.34) 
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12.7 Biological Growth in Wastewater Treatment 

Both fixed-film growth and suspended-solids growth systems are used in biological 
treatment of wastewaters. In a fixed-growth process, organic matter is removed from 
wastewater as it flows over a biological film (slime layer) attached to a filter medium. 
Trickling filters use a variety of media, including stones, crushed rock, small plastic 
cylinders, and plastic vertical-sheet packing. A rotating biological contactor consists of 
a series of large-diameter plastic disks that slowly rotate in tanks conveying wastewater 
flow. In a suspended-growth process, active biological solids are mixed with the waste- 
water and held in suspension by aeration as the organic matter is taken out of solution 
by the microbial floe. The common name for this suspended-growth process is activated 
sludge. 

Wastewater treatment relies on a mixed biological culture consisting of a variety 
of bacteria and protozoans. Microorganisms in the raw wastewater provide continuous 
inocula for the treatment process. The heterogeneous substrate content of a wastewater 
is expressed either as BOD or COD. The purpose of the treatment unit is to hold the 
biological culture in a controlled environment to promote growth of the microorganisms 
for extraction of colloidal and dissolved organics from solution. 

The batch-culture growth pattern shown in Fig. 12.5 is not directly applicable 
to biological treatment processes that are continuous-flow systems. For example, an 
activated-sludge system is fed continuously, and excess microorganisms are withdrawn, 
either continuously or intermittently, to maintain the desired mass of microorganisms 
for metabolizing incoming organic wastes. A schematic diagram (Fig. 12.8) illustrates 
the flow pattern for organic matter and microorganisms in an activated-sludge system. 
Influent wastewater is aerated with a mixed culture of microorganisms for a sufficient 
period of time to permit synthesis of the waste organics into biological cells. The micro¬ 
organisms are then settled out of solution, removed from the bottom of the settling 
tank, and returned to the aeration tank to metabolize additional waste organics. Unused 
organic matter and nonsettleable microorganisms pass out in the system effluent. Me¬ 
tabolism of the organic matter results in an increased mass of microorganisms in the 
system. Excess microorganisms are removed (wasted) from the system to maintain 
proper balance between food supply and mass of microorganisms in the aeration tank. 
This balance is referred to as Ih&food-to-microorganism ratio (F/M). 

The F/M ratio maintained in the aeration tank defines the operation of an activated- 
sludge system. At a high F/M ratio, microorganisms are in the exponential growth 


Return 


Wasted 



Figure 12.8 Schematic diagram of a continuous-flow 
activated-sludge process. (F/M: food/microorgan ism ratio.) 
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Fi^re 12.9 Rate of metabolism versus increasing food/ 
microorganism ratio. 


phase, characterized by excess food and maximum rate of metabolism (Fig. 12.9). Al¬ 
though the exponential growth phase is desirable for maximum rate of organic matter 
removal, distinct disadvantages make it undesirable for operation of an activated-sludge 
system. The microorganisms are in dispersed growth such that they do not settle out of 
solution by gravity. Consequently, the settling tank is not effective in separating micro¬ 
organisms from the effluent for return to the aeration tank. Second, there is excess un¬ 
used organic matter in solution which cannot be removed by sedimentation and passes 
out in the effluent. Operation at a high F/M ratio results in poor BOD removal efficiency. 

At a low F/M ratio, overall metabolic activity in the aeration tank may be consid¬ 
ered endogenous. Although initially there is rapid growth when the influent food and 
return microorganisms are mixed, competition for the small amount of food made avail¬ 
able to the large mass of microorganisms results in near-starvation conditions for the 
majority of microorganisms within a short period of time. Under these conditions, con¬ 
tinued aeration results in autooxidation of the microbial mass through cell lysis and 
resynthesis and also through the predator-prey activity where bacteria are consumed by 
the protozoans. Although the rate of metabolism is relatively low in the endogenous 
phase, metabolism of the organics is nearly complete and the microorganisms flocculate 
rapidly and settle out of solution by gravity. The good settling characteristics exhibited 
by activated sludge in the endogenous phase make operation in this growth period de¬ 
sirable where a high BOD removal efficiency is desired. Figure 12.9 summarizes the 
previous discussion and shows the range of operation for most activated-sludge treat¬ 
ment systems to be between the declining growth phase and the endogenous phase. 

12.8 Factors Affecting Growth 

Several factors affect the growth of microorganisms. The most important are tempera- 
•ure, pH, availability of nutrients, oxygen supply, presence of toxins, types of substrate, 
®nd, in the case of photosynthetic plants, sunlight. Growth with respect to both aero- 
ic and anaerobic conditions and to the need for essential nutrients was discussed in 
Section 12.4. 
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Bacteria are classified as psychrophilic, mesophilic, or thermophilic, dependingoo 
their optimum temperature range for growth. Of least significance to sanitary engineers 
are the psychrophilic (cold-loving) bacteria, which grow best at temperatures slightly 
above freezing (4®- 10®C). 

Thermophilic (heat-loving) bacteria like an optimum temperature range of 50'- 
55° C. They are significant in sludge composting and attempts have been made to usca 
thermophilic temperature range for the anaerobic digestion of waste sludge. Thermo¬ 
philic digestion has not been successful in practice because thermophilic bacteria ate 
sensitive to small temperature changes, and it is difificult to maintain the required high 
operating temperature in a digestion tank. 

Mesophilic (moderation-loving) bacteria grow best in the temperature range 20'- 
40° C. The vast majority of biological treatment systems operate in the mesophilic tem¬ 
perature range. Anaerobic digestion tanks are normally heated to near the optimum level 
of 35° C (95° F). Aeration tanks and trickling filters operate at the temperature of the 
wastewater as modified by that of the air. Generally, this is in the range of 10'’-20°C 
(50°-68°F) within outer maximums at a low of 5°C (4rF) and a high of 25°C(77‘’F). 
Higher wastewater temperature increases biological activity in the treatment process and 
can cause operating problems. At high temperatures, odor problems may be more pro¬ 
nounced at a wastewater plant. 

The rate of biological activity in the mesophilic range between 5° and 35° C doubles 
for every 10°-15°C temperature rise (Fig. 12.10). The common mathematical expres¬ 
sion for relating the change in the reaction-rate constant with temperature, developed in 
Section 11.6, is 

K = (12-35) 

where 

K = reaction-rate constant at temperature T 
K 20 = reaction-rate constant at 20° C 
0 = temperature coefficient 
T = temperature of biological reaction, °C 



Figure 12.10 General effect of temperature on 
biological activity. 
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The value of 0 is 1.072 if the rate of biological activity doubles with a 10° C temperature 
rise; the value of 0 is 1.047 if the rate doubles in 15°C. Above 40° C, mesophilic 
bacterial metabolism drops off sharply and thermophilic growth starts. Thermophilic 
bacteria have a range of approximately 45°C-75°C, with an optimum near 55°C. 

Cold wastewater can reduce BOD removal efficiency of biological processes. The 
efficiency of trickling filters is definitely decreased during cold weather and increased 
during warm periods. Trickling filters operating at 5°C-10°C have poor BOD re¬ 
movals. However, low-loaded extended aeration systems operating at the same tempera¬ 
tures show good efficiencies. Extended aeration at a reduced BOD loading and resultant 
long aeration time compensates for the low metabolism rate of microorganisms. The 
biological treatment system most affected by cold winter temperature is the stabilization 
pond. Heat in the wastewater is not adequate to prevent formation of an ice cover in 
northern climates during winter. 

The hydrogen ion concentration of the culture medium has a direct influence on 
microbial growth. Most biological treatment systems operate best in a neutral environ¬ 
ment. The general range for operation of activated-sludge systems is between pH 6.5 
and 8.5. At pH 9.0 and above, microbial activity is inhibited. Below 6.5, fungi are fa¬ 
vored over bacteria in the competition for food. The methane-forming bacteiia.in an¬ 
aerobic digestion have a much smaller pH tolerance range. General limits for anaerobic 
digestion are pH 6.7-7.4, with optimum operation at pH 7.0-7.1. 

Biological treatment systems are adversely affected by toxic substances. Industrial 
wastes from metal-finishing industries usually contain toxic metal ions, such as nickel 
and chromium. Phenol is an extremely toxic compound found in chemical industry 
wastes. These and other inhibiting compounds are commonly removed by pretreatment 
at the industrial site prior to disposal of the industrial wastes to a municipal sewer. 

Environmental conditions that adversely affect the desired microbial growth in an 
activated-sludge aeration tank can cause production of sludge with poor settling char¬ 
acteristics. This condition, resulting in excessive carryover of activated-sludge floe 
in the clarifier effluent (referred to as sludge bulking), is associated with filamentous 
growths and pinpoint floe with poor settleability. 

12.9 Population Dynamics 

Previous sections described the important characteristics of each group of micro¬ 
organisms (bacteria, fungi, algae, and protozoans) independently. In biological waste 
treatment systems, however, the naturally occurring cultures are mixtures of bacteria 
growing in mutual association and with other microscopic plants and animals. A general 
knowledge of the relationships, both cooperative and competitive, between various mi¬ 
crobial populations in mixed cultures is essential to understanding biological treatment 
processes. 

When organic matter is made available to a mixed population of microorganisms, 
competition arises for this food between the various species. Primary feeders that are 
roost competitive become the dominant microorganisms. Under normal operating con¬ 
ditions, bacteria are the dominant primary feeders in activated sludge (Fig. 12.11). 
Saprobic protozoans, those that feed on dead organic matter (e.g., Euglena), are not 
effective competitors against bacteria. 

Species of dominant pr imar y bacteria depend chiefly on the nature of the organic 
waste and environmental conditions in aeration tanks. Conditions adverse to bacteria, 
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such as acid pH, low dissolved oxygen, and nutrient shortage, can produce a predomi¬ 
nance of filamentous fungi, resulting in sludge bulking. These abnormal circumstances 
are rare in municipal activated-sludge systems treating wastewater composed chiefly of 
domestic wastewater. However, when bulking in an activated-sludge system does occur, 
sanitary engineers must be prepared to find the cause and recommend corrective action, 

Primary bacteria in an activated-sludge system are maintained in the declining or 
endogenous growth phases. Under these conditions, the primary bacteria die and lyse, 
releasing their cell contents to solution. In this process, raw organic matter is synthesized 
and resynthesized by various groups of bacteria. 

Holozoic protozoans, which feed on living organic matter, are common in activated 
sludge. They grow in association with the bacteria in a prey-predator relationship; that 
is, the bacteria (plants) synthesize the organic matter, and the protozoans (animals) 
consume the bacteria (Fig. 12,11). For a single reproduction a protozoan consumes thou¬ 
sands of bacteria, with two major beneficial effects of the prey-predator action. Re¬ 
moval of the bacteria stimulates further bacterial growth, resulting in accelerated 
extraction of organic matter from solution. Second, the flocculation characteristics of 
activated sludge are improved by reducing the number of free bacteria in solution, and 
a biological floe with improved settling characteristics results. 
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Figure 12.11 Schematic diagram of the population (dynamics in activated sludge. 
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Competition for food also occurs between the secondary feeders. In a solution with 
high bacterial populations, free-swimming protozoans are dominant, but when food 
becomes scarce, stalked protozoans increase in numbers. Stalked protozoans do not re¬ 
quire as much energy as free-swimming protozoans; therefore, they compete more effec¬ 
tively in a system with low bacterial concentrations. The photomicrographs shown in 
Fig. 12.12 illustrate the appearance of a healthy activated sludge. 




(c) 


^2.12 Photomicrographs of activated sludge, (a) Activated-sludge floe with 
sliiri OOx). (b) Rotifers in activated sludge (1 OOx). (c) Activated- 

(400^x) ^ clusters of bacterial cells. Lower center: flagellated protozoan 
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The process of anaerobic digestion is carried out by a wide variety of bacteria, 
which can be categorized into two main groups, acid-forming bacteria and methane- 
forming bacteria. (Protozoans do not function in the digester’s strict anaerobic environ¬ 
ment.) The acid formers are facultative or anaerobic bacteria that metabolize organic 
matter, forming organic acids as an end product, along with carbon dioxide and methane 
(associated with oxidation of fats to organic acids). Acid-splitting methane formers use 
organic acids as substrate and produce gaseous end products of carbon dioxide and 
methane. These methane bacteria are strict anaerobes inactivated by the presence of 
dissolved oxygen and inhibited by the presence of oxidized compounds. The growth 
medium must contain a reducing agent such as hydrogen sulfide. Acid-splitting methane 
bacteria are sensitive to pH changes and other environmental conditions. 

A simplified'diagram (Fig. 12.13) portrays the relationship between the two bacte¬ 
rial stages in anaerobic digestion of organic matter. Both major groups of bacteria must 
cooperate to perform the overall gasification of organic matter. The first stage creates 
organic acids for the second stage, where these organic acids are converted to gas, pre¬ 
venting excess acid accumulation. In addition to producing food for the methane bac¬ 
teria, acid formers also reduce the environment to one of strict anaerobiosis by using the 
oxidized compoimds and excreting reducing agents. 

Problems in operating anaerobic treatment systems result when an imbalance oc¬ 
curs in the population dynamics. For example, if a sudden excess of organic matter is 
fed to a digester, acid formers very rapidly process this food, developing excess organic 
acids. The methane formers, whose population had been limited by a previous lower 
organic acid supply, are unable to metabolize the organic acids fast enough to prevent a 
drop in pH. When the pH drops, the methane bacteria are affected first, further reducing 
their capacity to break down the acids. Under severe or prolonged overloading, the con¬ 
tents of the digester “pickles” in excess acids, and all bacterial activity is inhibited. In 
addition to organic overloading, the digestion process can be upset by a sudden increase 
in temperature, a significant shift in the type of substrate, or additions of toxic or inhib¬ 
iting substances from industrial wastes. 

A unique relationship exists between bacteria and algae in wastewater stabilization 
ponds (Fig. 12.14). The bacteria metabolize organic matter for reproduction, releasing 
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Figure 12.13 Simplified diagram of population 
dynamics in anaerobic digestion. 
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Figure 12.14 Schematic diagram of microbiological activity in a wastewater 
stabilization pond showing the symbiotic relationship between bacteria and 
algae and decomposition of organic matter by both aerobic and anaerobic 
bacteria. 


soluble nitrogen and phosphorus nutrients and carbon dioxide. Algae use these inor¬ 
ganic compounds, along with the energy from sunlight, for synthesis, releasing oxygen. 
The resulting dissolved oxygen in the pond water is taken up by the bacteria, thus clos¬ 
ing the cycle. This type of association between organisms is referred to as symbiosis, 
a relationship where two or more species live together for mutual benefit such that the 
association stimulates more vigorous growth of each species than if the growths were 
separate. The growth of algae replaces in part the organic matter decomposed by the 
bacteria. For this reason, ponds do not always appear to provide satisfactory removal of 
organic matter. A variety of predators (protozoans, rotifers, and higher animals) that 
feed on the plant growth (algae and bacteria) are also present in pond water. 

At the liquid depth commonly used in stabilization-pond design, bottom waters 
may become anaerobic while the surface remains aerobic. In terms of general oxygen 
conditions, these lagoons are commonly referred to as facultative stabilization ponds 
(Fig. 12.14), During periods when the dissolved oxygen is at less than saturation level, 
the surface water is aerated through wind action. During the winter, both bacterial me¬ 
tabolism and algal synthesis are slowed by cold temperatures. The lagoon generally 
remains aerobic, even under a transparent ice cover. If the sunlight is blocked by a snow 
cover, the algae cannot produce oxygen, and the lagoon becomes anaerobic. The result 
is odorous conditions during the spring thaw until the algae becomes reestablished. This 
may take from a few days to weeks, depending on climatic conditions and the amount 
of organic matter accumulated in the lagoon during the winter. 


CHARACTERISTICS OF WASTEWATER 

Wastewater is defined as liquid wastes collected in a sewer system and conveyed to a 
treatment plant for processing. In most communities, storm runoff water is collected in 
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a separate storm sewer system and conveyed to the nearest watercourse for disposal 
without treatment. A few large cities have a combined wastewater collection system 
where both stormwater and sanitary wastes are collected in the same pipe system. The 
dry-weather flow in the combined sewers is collected for treatment, but during storms 
the wastewater flow in excess of plant capacity may be stored for treatment later or in 
some situations is bypassed directly to the receiving watercourse. 

Sanitary or domestic wastewater refers to liquid material collected from residences, 
business buildings, and institutions. The term industrial wastes refers to that from 
manufacturing plants. Municipal wastewater is a general term applied to liquid treated 
in a municipal treatment plant. Municipal wastewaters from towns frequently contain 
industrial effluents from dairies, laundries, bakeries, and factories, and those firom large 
cities may have wastes from major industries, such as chemical manufacturing, brew¬ 
eries, meat processing, and metal processing. 


12.10 Flow and Strength Variations 

The quantity of municipal wastewater flow varies from 50 to over 250 gal per capita per 
day (gpcd), depending on sewer uses of the community. A common value for sanitary 
flow is 120 gpcd (4501/d). Per-capita contribution of organic matter in domestic waste- 
water is approximately 0.24 lb (109 g) of suspended solids per day and 0.20 lb (91 g) of 
BOD per day in communities where a substantial portion of the household kitchen 
wastes are discharged to the sewer system through garbage grinders. These values are 
the population equivalents used to convert total pounds of solids or BOD of industrial 
wastewaters to equivalent population 

The actual quantities of flow and organic matter can differ significantly from these 
common values. The frequency distributions for per-capita contributions of flow, sus¬ 
pended solids, and BOD based on analyses of data from 100 cities in Illinois, Indiana, 
Ohio, and Minnesota are graphed in Fig. 12.15 [6]. The data show wide variations. 
Larger cities have greater waste contributions per capita. For cities with populations of 
greater than 100,000, mean flow was 194 gpcd, mean suspended solids were 0.40 lb/ 
capita/day, and BOD was 0.30 Ib/capita/day. For cities with populations of less than 
10,000, the values were 140 gpcd, 0.15 lb of suspended solids, and 0.14 lb of BOD. 
Geographic location and climate influence waste contributions, particularly flow as re¬ 
lated to the amount of infiltration and inflow. From a study of 700 Texas communities 
having populations of less than 10,000, the average contributions per capita per day 
were 89 gal, 0.21 lb of suspended solids, and 0.16 lb of BOD [7]. 

The flows and loads entering a wastewater treatment plant during the year vary with 
climatic conditions, industrial production, domestic water use, and other factors. In a 
typical industrial community in a moderate climate, the summer average daily flow fre¬ 
quently exceeds winter flows by 20%-30%. Munksgaard and Young [8] analyzed oper¬ 
ational data from 11 municipal plants in the range of 0.25—40 mgd to determine peak 
flows and loads. All the cities had separate sanitary sewers receiving less than 20% of 
the wastewater from industrial sources. The wastewater flows included normal infil¬ 
tration expected in humid climatic areas with an annual precipitation in the range of 
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Figure 12.15 Histograms of average wastewater flow and 
quantities of suspended solids and BOD contributed per capita 
based on data from 100 cities in Illinois, Indiana, Ohio, and 
Minnesota. [From D. H. Stoltenberg, “Midwestern Wastewater 
Characteristics,” PuD//c Works 111(1) (1980): 52-53.] 
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20-40 in. The peaking ratio equations derived for the average annual peak month and 
average annual peak day are 


<2m = e 
B,„ = B 
S^=S 




(12.36) 

(12.37) 

(12.38) 





B, = B 



(12.39) 

(12.40) 



where 


(12.41) 


Q = average annual wastewater flow, mgd 
B = average annual BOD load, Ib/day 
S = average annual suspended-solids load, Ib/day 
Q,„, 5„, = average flow, BOD, and suspended-solids values during the peak month 

Qj, Bd, Sd = average flow, BOD, and suspended-solids values for the peak day 


Diurnal flow variations depend primarily on the size of a municipality and indus¬ 
trial flows. Hourly flow rates range from a minimum of 20% to a maximum of 250% or 
more of the average daily rate for small communities and from 50% to 200% for larger 
cities. The wastewater flow diagrams in Fig. 12.16 exemplify hourly flow variations for 
two municipalities of different sizes. 


■ EXAMPLE 12.1 The sanitary sewer system in a municipality located in ahumiii 
climate receives over three-quarters of the wastewater discharges from domestic and 
commercial sources. The average annual wastewater flow is 10.0 mgd, containing 
16,700 lb of BOD and 20,000 lb of suspended solids. Calculate the average daily 
wastewater flow, BOD load, and suspended-solids load during the peak month of 
the year. 


Solution: Applying Eqs. (12.36) through (12.38), 

1.26 


< 2 . = 10 


10 “‘ 


= 12.3 mgd 


B„ = 16,700 

S„ = 20,000 


1.91 


16,700° “^30 

- 2.18 
20 , 000°°517 


= 21,000 Ib/day 
= 26,100 Ib/day 
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Figure 12.16 Diagrams of municipal wastewater now showing hourly 
variations, (a) Flow diagram from a town with a population of 4500. (Shaded 
area is the typical recirculation flow for a high-rate trickling-filter plant at /? = 

0.5.) (b) Flow diagram from a city with a population of 150,000. 

^2.11 Composition of Wastewater 

The data in Table 12.1 represent the approximate composition of domestic wastewater 
before 'jid after treatment. BOD and suspended solids (nonfiltrable residue) are the two 
most important parameters used to define the characteristics of a domestic wastewater. 
A suspended-solids concentration of 240 mg/1 is equivalent to 0.24 lb of suspended 
solids in 120 gal, and 200 mg/1 of BOD is equivalent to 0.20 lb of BOD in 120 gal. 
Reduction of suspended solids and BOD in primary sedimentation is approximately 
50% and 35%, respectively. Approximately 70% of the suspended solids are volatile, 
defined as those lost upon ignition at 550® C. 
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Table 12.1 Approximate Composition of an Average Domestic 
Wastewater (mg/I)_ 



BEFORE 

SEDIMEN¬ 

TATION 

AFTER 

SEDIMEN¬ 

TATION 

BIOLOGICALLY 

TREATED 

Total solids 

800 

680 

530 

Total volatile solids 

440 

340 

220 

Suspended solids 

240 

120 

30 

Volatile suspended solids 

180 

100 

20 

BOD 

200 

130 

30 

Ammonia nitrogen as N 

22 

22 

24 

Total nitrogen as N 

35 

30 

26 

Soluble phosphoms as P 

4 

4 

4 

Total phosphorus as P 

7 

6 

5 


Total solids (residue on evaporation) include organic matter and dissolved salts; the 
concentration of the latter is dependent to a considerable extent on the hardness of the 
municipal water. The concentration of nitrogen in domestic waste is directly related to 
the concentration of organic matter (BOD). Approximately 60% of the total nitrogen is 
in solution as ammonia. If raw wastewater has been retained for a long time in collector 
sewers, a greater percentage of ammonia nitrogen results from deamination of the pro¬ 
teins and urea in wastewater. Seven milligrams per liter of phosphorus is approximately 
equivalent to a 2-lb phosphorus contribution per capita per year. 

The surplus of nitrogen and phosphorus in biologically treated wastewater reveals 
that domestic wastewater contains nutrients in excess of biological needs. The approxi¬ 
mate BOD/nitrogen/phosphorus (BOD/N/P) weight ratio required for biological treat¬ 
ment is 100/5/1. The exact BOD/N/P ratio needed for treatment depends on the process 
and the biological availability of the nitrogen and phosphorus compounds in the waste- 
water. A minimum of 100/6/1.5 is commonly related to treatment of unsettled sanitary 
wastewater, while 100/3/0.7 is generally adequate for wastewater where the nitro¬ 
gen and phosphorus are in soluble forms. The average domestic wastewater listed in 
Table 12.1 has a ratio of 100/17/3 before sedimentation and 100/23/5 after sedimenta¬ 
tion, both of which are in excess of the minimum 100/6/1.5. For biological treatment 
of industrial wastewaters deficient in nutrients, soluble phosphorus can be supplied by 
adding H3PO4 and soluble nitrogen by adding NH4NO3. 

Biodegradable organic matter in wastewater is generally classified in three catego¬ 
ries: carbohydrates, proteins, and fats. Carbohydrates are hydrates of carbon with the 
empirical formula C„H2„0„ or C„(H20)„. The simplest carbohydrate unit is known as 
a monosaccharide, although few monosaccharides occur naturally. Glucose is a com¬ 
mon monosaccharide in the structure of polysaccharides. Disaccharides are composed 
of two monosaccharide units. Sucrose (table sugar) is glucose plus fructose. Common 
milk sugar is lactose, consisting of glucose plus galactose. Polysaccharides are long 
chains of monosaccharides, such as cellulose, starch, and glycogen. Cellulose is the 
common polysaccharide in wood, cotton, paper, and plant tissues. Starches are primary 
nutrient polysaccharides for plant growth and are abundant in potatoes, rice, wheat, 
corn, and other plant forms. 

Proteins in simple form are long-chain molecules composed of amino acids con¬ 
nected by peptide bonds and are important in both the structural (e.g., muscle tissue) 
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and dynamic aspects (e.g., enzymes) of living matter. Twenty-one common amino acids 
when linked together in long peptide chains form a majority of simple proteins found in 
namre. A mixture of proteins as a bacterial substrate is an excellent growth medium, 
since proteins contain all the essential nutrients. On the other hand, pure carbohydrates 
are unsuitable as a growth medium since they do not contain the nitrogen and phospho¬ 
rus essential for synthesis. 

Lipids, together with carbohydrates and proteins, form the bulk of organic matter 
of living cells. The term refers to a heterogeneous collection of biochemical substances 
having the mutual property of being soluble to varying degrees in organic solvents (e.g., 
ether, ethanol, hexane, and acetone) while being only sparingly soluble in water. Lipids 
may be grouped according to their shared chemical and physical properties as fats, oils, 
and waxes. A simple fat, when broken down by hydrolytic action, yields fatty acids. In 
sanitary engineering, the word fats in current usage apparently conveys the meaning of 
lipids. The term grease applies to a wide variety of organic substances in the lipid cate¬ 
gory that are extracted from aqueous solution or suspension by trichlorotrifluoroethane. 

Actually, not all biodegradable organic matter can be classed into these three simple 
groupings. Many natural compounds have structures that are combinations of carbohy¬ 
drates, proteins, and fats, such as lipoproteins and nucleoproteins. 

Approximately 20%-40% of the organic matter in wastewater appears to be non- 
biodegradable. Several organic compounds, although biodegradable in the sense that 
specific bacteria can break them down, must be considered by sanitary engineers as 
panially biodegradable because of time limitations in waste treatment processes. For 
example, lignin, a polymeric noncarbohydrate material associated with cellulose in 
wood fiber, is for all practical purposes nonbiodegradable. Cellulose itself is not readily 
available to the general population of domestic wastewater bacteria. Saturated hydro¬ 
carbons are a problem in treatment because of their physical properties and resistance 
to bacterial action. Alkyl benzene sulfanate (ABS synthetic detergent) is only sparingly 
biodegradable in wastewater treatment. 


■ EXAMPLE 12.2 Domestic wastewater contains 0.24 lb of suspended solids and 
0.20 lb of BOD per 120 gal. 

1. Using these values, calculate the suspended-solids and BOD concentrations in 
milligrams per liter. 

2. What is the BOD equivalent population for an industry that discharges 0.10 mgd 
of wastewater with an average BOD of 450 mg/I? What is the hydraulic equiva¬ 
lent population of this wastewater? 

Solution: 


BOD 


suspended solids 

2 , I BOD equivalenn 
\ population j 

( hydraulic equivalenA 
\ population j 


0,20 lb 1,000,000 gal 
120 gal ^ 8.34 lb 


200 mg/1 


0.24 lb 1,000,000 gal _ 

120 gal 8.341b 

0.10 mil gal X 450 mg/1 X 
0.20 Ib/person 


240 mg/1 

8.34 Ib/mil gal 
mg/1 


= 1900 


100,000 gal/day _ 
120 gal/person 
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■ EXAMPLE 12.3 Wastewater from soluble coffee manufacturing is treated jointly 
with domestic wastewater in an activated-sludge process without primary settling. 
The mixture is 40% coffee wastewater and 60% domestic wastewater by volume. The 
characteristics of the coffee wastewater are 840 mg/1 of BOD, 6.0 mg/1 of total nitrogen, 
and 2.0 mg/1 of total phosphorus. The domestic wastewater characteristics are as listed 
in Table 12.1. 

1. If the required BOD/N/P weight ratio is assumed to be 100/6.0/1.5 for activated- 
sludge processing, are the nitrogen and phosphorus concentrations in the com¬ 
bined wastewater adequate? 

2. If the nutrient content is not adequate, how many milligrams per liter of pure 
NH 4 NO 3 and H 3 PO 4 must be added to the wastewater? 

Solution: 


1. BOD = 0.40 X 840 + 0.60 X 200 = 456 mg/1 

N = 0.40 X 6.0 + 0.60 X 35 = 23.4 mg/1 
P = 0.40 X 2.0 + 0.60 X 7.0 = 5.0 mg/1 



Available 

Required 

Need 

BOD 

456/4.56 = 100 

100 

— 

N 

23.4/4.56= 5.1 

6.0 

0.9 

P 

5.0/4.56= 1.1 

1.5 

0.4 


2. NH 4 NO, = 0.9X^X^= 12mg/l 

456 98 

H3PO4 = 0-4 X X 57 = 5.8 mg /1 j 

TRICKLING (BIOLOGICAL) FILTERS 

Trickling filters are fixed-growth biological beds where wastewater is spread on the 
surface of media supporting microbial growths. Although the term filter is the accepted 
designation for this unit, no physical filtration occurs; contaminants are removed by 
biological action. The media placed in a tank under the wastewater distributor can be 
cmshed rock, plastic-sheet packing formed into modules, or random plastic packing of 
various shapes. Trickling filters are preceded by primary clarifiers to remove settleable 
solids and are followed by final clarifiers to collect microbiological growths that slough 
from the media. The primary reasons for the popularity of trickling filters are their sim¬ 
plicity, low operating cost, and production of a waste sludge that is easy to process. 

12.12 Biological Process in Trickling Filtration 

The biological slime layers on filter media consist of bacteria, protozoans, and fungi. 
Frequently, noticeable populations of larger organisms such as sludge worms and roti¬ 
fers are present. The top surface of a bed exposed to sunlight is coated with algae, and 
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Figure 12.17 Schematic diagram showing the form of the 
biological process in a trickling filter. 


the lower portion of a deep filter can support nitrifying bacteria. Microorganisms near 
the surface of the bed where the food concentration is high are in a rapid growth phase, 
while the microorganisms near the bottom are in a state of starvation. 

Figure 12.17 is a schematic diagram illustrating the general biological process at 
the surface of the medium. Although classified as aerobic treatment, the microbial film 
is aerobic to a depth of only 0.1 —0.2 mm. The zone adjacent to the medium is anaerobic. 
As the wastewater flows over the microbial film, the soluble organic matter is metabo¬ 
lized and the colloidal organic matter is adsorbed on the film. Dissolved oxygen taken 
up in the liquid layer is replenished by reoxygenation from the surrounding air. Continu¬ 
ous passage of air through the bed is essential to prevent undesirable anaerobic condi¬ 
tions. The actual biological process is more complex than this simplified description and 
is poorly understood. Physical characteristics, such as media configuration, bed depth, 
and hydraulic loading, strongly influence the process. Several forms of manufactured 
media provide a high specific surface area with a corresponding large percentage of void 
volume. This permits substantial biological growth without inhibiting passage of air 
through the bed. A uniform medium also allows even loading distribution, and light¬ 
weight packing permits the construction of deep beds. 

Problems with the biological process that can occur include poor effluent quality 
and emission of offensive odors, both associated with organic loading, industrial wastes, 
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and cold-weather operation. The anaerobic zone of the film adjacent to the medium 
surface can produce odorous metabolic end products. If they are not oxidized while 
moving through the aerobic zone, they can be released and carried out in the airflow 
through the bed. Some industrial wastes have characteristic odors that are not easily 
oxidized by the microbial film. Cooling of the applied wastewater reduces the biological 
activity, allowing more organic matter to pass through the bed. In northern climates, the 
walls of deep filters can be insulated and covers can be placed over the tops to reduce 
cooling. Filter flies, Psychoda, are a nuisance around filters during warm weather. They 
breed on the inside of the retaining walls and on the surface of the media around the 
margin of the bed. 

12.13 TricWing-Filter Operation and Filter Media Requirements 

A cutaway view of a shallow trickling filter is shown in Fig. 12.18. The major compo¬ 
nents are a rotary distributor, underdrain system, and filter medium. The distributor 
spreads the wastewater at a uniform hydraulic load per unit area on the surface of the 
bed. The arms are driven by the reaction of wastewater flowing out of the distributor 
nozzles, which usually requires a pressure head of 24 in. measured at the center column 
that supports the arms. The underdrain system, often vitrified clay blocks with entrance 
holes to drainage channels, carries away the effluent and permits circulation of air 
through the bed. The need for free passage of air controls the size of openings in the 
underdrain. The filter media provide a surface for biological growth and voids for pas¬ 
sage of air and water. 

Traditionally, the common filter media have been crushed rock, slag, or field stone, 
since these are durable, insoluble, resistant to spalling, and often locally available. 
Stones, however, have the disadvantage of occupying the majority of the volume in a 
filter bed, thus reducing the void spaces, for passage of air and limiting the surface area 
per unit volume for biological growth. Several forms of chemical-resistant plastic media 
are available that have much greater surface area per unit volume and a large percentage 
of free space. For shallow filters, the common types are random packing and high- 
density cross-flow media manufactured in handleable modules that can be cut and fitted 



Figure 12,18 Cutaway view of a trickling filter. (Courtesy of Dorr-Otiver. Inc.) 
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Figure 12.19 Random packing for both shallow and deep trickling filters. Each 
element is a plastic cylinder (3.5 x 3.5 in.) with perforated walls and internal ribs. 
(Courtesy of Norton Chemical Process Products Corp., Stow, OH.) 


into a circular tank. The common fandom packing is small (2-4 in.) cylinders with 
perforated walls and internal ribs made of plastic, as shown in Fig. 12.19. The specific 
surface area is 30-40 ftVfP (100-130 mVm-') with a void space of 91%-94%. The 
packing is placed by dumping it into a filter tank on top of the underdrains. Because of 
the random placement, the bed is efficient in distributing the applied wastewater to the 
media surfaces. 

Biological towers are trickling filters with deep beds of 10-20 ft, usually in circular 
tanks with rotary distributors. The modules of packing with differing internal configu¬ 
rations are manufactured of polyvinyl chloride (PVC) in bundles 2 ft wide, 4 ft long, 
and 2 ft high. The module in Fig. 12.20(a) is constructed of corrugated sheets bonded 
between flat sheets. By preventing clear vertical openings, the wastewater passing down 
through the packing is distributed over the surfaces of the media. The specific surface is 
26-43 fP/fP (85-140 m^/m’), varying with manufacturer; the void space is about 95%. 
Cross-flow packing in Fig. 12.20(b) is made of ridged corrugated sheets with ridges on 
adjacent sheets at 45° or 60° angles to each other and bonded together where the ridges 
contact. As wastewater flows down through the media, each contact point permits flow 
splitting and combining. Cross-flow wets the surfaces completely and slows the flow 
rate, resulting in an increased hydraulic residence time in the bed. The specific surface 
of low-density cross-flow media is 27 ftVft^ (90 m-/m^), and high-density is 42 ftVft^ 
(140 m^/m^). 

The modules have sufficient strength to support the packing with attached wet bio¬ 
logical growth in towers of 20 ft in height. The media bundles are stacked to interlock 
lor structural stability and can be cut to fit the edge modules in a circular tower equipped 
with a rotary distributor (Fig. 12.20(c), (d), (e)). 
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Figure 12.20 Biological tower media and construction, (a) Vertical-flow module 
with corrugated sheets bonded between flat sheets, (b) Cross-flow module with 
corrugated sheets assembled with adjacent sheets in a crossed pattern, (c) Cutaway 
view showing the construction of a circular biological tower, (d) Picture of two 
biological towers, (e) Distributor arm spreading wastewater on surface of tower 
media. (Courtesy of TLB Corporation, Newington, CT.) 


12.14 Trickling-Fllter Secondary Systems 

A trickling-filter secondary treatment system includes a final settling tank to remove 
biological growths that are washed off the filter media. These sloughed solids are com¬ 
monly disposed of through a drain line from the bottom of the final clarifier to the head 
end of the plant. This return sludge flow is mixed with the raw wastewater and settled 
in the primary clarifier. 

The raw wastewater in trickling filtration is diluted with recirculated flow so that it 
is reduced in strength and passes through the filter more than once. A typical filter design 
is illustrated in Fig. 12.21. A return line from the final clarifier serves a dual function as 
a sludge return and a recirculation line. The combined flow (Q -I- Qg) through the filter 
is always sufficient to maintain a minimum hydraulic loading on the media and sufficient 
flow to turn the distributor arms. 

The two most common recirculation patterns used in tri cklin g filter systems are 
shown in Fig. 12.22. The recirculation ratio is the ratio of recirculated flow to the quan¬ 
tity of raw wastewater. .A common range for recirculation ratio values is 0.5-3.0. Re¬ 
circulation may be done (1) only during periods of low wastewater flow, (2) at a rate 
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Figure 12.21 Profile of a typical single-stage trickling-filter plant with 
recirculation of underflow from the final clarifier to the head of the plant 


Recirculation and sludge return 




Figure 12.22 Typical recirculation patterns for single-stage trickling-filter 
plants, (a) Recirculation with sludge return, (b) Direct recirculation around the 
filter. 


proportional to raw-wastewater flow, (3) at a constant rate at all times, or (4) at two or 
more constant rates predetermined automatically or by manual control. 

The gravity-flow-recirculation sludge-return system illustrated in Figs. 12.21 and 
12.22 is common for treatment of average-strength wastewater. The rate of recirculation 
flow is generally automatically regulated by the rate of raw-wastewater flow into the 
clear well. In this manner, the rate of return is increased during periods of low raw- 
wastewater flow and reduced, or even stopped, during high-flow periods. This kind of 
recirculation operation is shown graphically in Fig. 12.16(a). The shaded area represents 
recirculated flow. The average raw-wastewater flow is 280 gpm. Flow through the plant 
is 420 gpm, equal to Q + Qji, except from 10 a.m. to 3 p.m., when the raw-wastewater 
flow exceeds 420 gpm. The recirculation ratio for this lUustrated flow recirculation pat¬ 
tern is 0.5. 

Direct recirculation, depicted in Fig. 12.22(b), is frequently used in the treatment 
of stronger wastewaters, where recirculation ratios of 2—3 are desirable. If high rates are 
used in pattern (a), the primary clarifier must be sized for the increased flow rate created 
by the greater volume. In other words, if recirculation flow is routed through a clarifier 
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Direct recirculation 




Figure 12.23 Typical recirculation patterns for two-stage trickling-filter 
plants without and with intermediate sedimentation. 


during the peak hourly flows of the raw wastewater, the clarifier must be increased in 
size to prevent disturbance of the settled solids and resultant loss of removal efficiency 
in the sedimentation tank. Consider the flow diagram in Fig. 12.16(a), and assume that 
the shaded area is the flow in the sludge-return line shown in Fig. 12.22(b). Then apply 
a direct recirculation of 420 gpm around the filter using constant-speed pumps. The 
resultant ratio for the trickling filter is 2.0:0.5 from indirect recirculation (from the final 
to the head of the primary) and 1.5 from direct recirculation. 

Two-stage trickling-filter secondary systems have two filters in series, usually with 
an intermediate settling tank. Two typical flow diagrams for two-stage filter installations 
are sketched in Fig. 12.23. Two-stage filters are used where a high-quality effluent is 
required, for treatment of strong wastewater, and to compensate for lower bacterial ac¬ 
tivity in treating cold wastewater. 

Deep filters (biological towers) for treating municipal wastewater are generally 
single-stage units following primary sedimentation, although two stages are installed 
when processing strong wastewater resulting from industrial discharges. Direct recir¬ 
culation is employed to maintain the desired flow through the tower. Sometimes a por¬ 
tion of the recirculation flow is drawn from the bottom of the final clarifier to develop a 
microbial floe in the wastewater circulating through the tower. Waste sludge accumu¬ 
lated in the final clarifier can be returned to the plant influent for settling in the primary 
clarifier. 


12.15 Efficiency Equations for Stone-Media Trickling Filters 

The BOD load on a trickling filter is calculated using the raw BOD in the primary 
effluent applied to the filter, without regard to the BOD in the recirculated flow. BOD 
loadings are expressed in terms of pounds of BOD applied per unit of volume per day. 
Common values are 20-40 lb/1000 ftVday (320-640 g/m^-d) for single-stage filters 
and 40—60 lb/1000 ftVday (640—960 g/m^‘d) for two-stage filters based on the total 
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media volume of both filters. The loadings apply to treatment of domestic wastewater 
(approximately 200 mg/1 BOD) in the range of 15'‘-20°C (59°-68“F). with a minimum 
operating recirculation ratio of 0.5. 

The hydraulic load is computed from the raw-wastewater flow plus recirculated 
flow. Hydraulic loadings are expressed in terms of average flow in gpm applied per 
square foot of surface area per day. Recirculation flow is required to maintain an open, 
well-aerated bed by preventing excessive accumulation of biological growth in the voids 
and impeding the passage of water and air. The minimum recommended hydraulic 
loading is 0.16 gpm/ft^ (9.4 m^/m^*d). The maximum recommended is 0.48 gpm/fF 
(28 mVm^ • d). Above this, the flushing action is excessive and contact time of the waste- 
water with the filter media becomes too short. The recirculation ratio for this range of 
hydraulic loadings is usually between 0.5 and 3.0. 

Trickling filters have a bed depth of 5-7 ft (1.5-2.1 m) for most efficient BOD 
removal per unit volume of stone or slag media. In the early development of filters, they 
were constructed as deep as 8 ft and as shallow as 3 ft. Experience showed that two 
3 -ft-deep filters in series were no more efficient than one 6-ft-deep filter, and that the 
filter media below 6 ft in a bed did not result in significant increased BOD removal. 

General practice in trickling-filter design has been to use empirical relationships to 
find the required filter volume for a desired degree of wastewater treatment. Several of 
these associations have been developed from operational data collected at existing treat¬ 
ment plants. One of the first evolved was the National Research Council (NRC) formula, 
based on data collected from filter plants at military installations in the United States in 
the early 1940s [9]. 

The NRC formula for a single-stage trickling filter is 


where 


£- - 

1 + 0.0561 {w/VFy^ 

E = BOD removal at 20°C, percent 
w = BOD load applied, Ib/day 
V = volume of filter media, ft^ X 10"’ 
F = recirculation factor 
wIV = BOD loading, lb/1000 ft’/day 


( 12 . 42 ) 


The recirculation factor is calculated from the formula 


F = 


1 + R 

(1 + 0.1/?)2 


( 12 . 43 ) 


where R is the recirculation ratio (ratio of recirculation flow to raw wastewater flow). 
The NRC formula for the second stage of a two-stage filter is 


where 


_ 100 _ 

1 + [0.0561/(1 - £:,)](w2 /VF)°’ 


( 12 . 44 ) 


£2 = BOD removal of the second stage at 20°C, percent 
£1 = fraction of BOD removed in the first stage 
W 2 = BOD load applied to the second stage, Ib/day 
wJV = BOD loading, lb/1000 ft’/day 
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The effect of wastewater temperature on stone-filled trickling-filter efficiency may 
be expressed as 

£ = £ 201 . 035^-20 (12.45) 

where 

£ = BOD removal efficiency at temperature £ in °C 
£20 = BOD removal efficiency at 20“ C 

The BOD removal efficiencies computed by the NRC formulas include final settling 
of the filter effluent. In the empirical development of these formulas, the field procedure 
used in collecting data sampled the filter influent and final clarifier effluent. Therefore, 
in evaluating the efficiency of a trickling-filter secondary, the overflow rate and deten¬ 
tion time of the final clarifier should be examined for adequacy of design. 

For a two-stage filter secondary without an intermediate settling tank (Fig. 12.23), 
the NRC formulas cannot be used to determine the efficiency of the first stage. In this 
case it is common to assume that the first-stage efficiency is 50% and find the efficiency 
of the second stage from Eq. (12.44). 


■ EXAMPLE 12.4 Calculate the BOD loading, hydraulic loading, BOD removal ef¬ 
ficiency, and effluent BOD concentration of a single-stage trickling filter based on the 
following data: 

wastewater flow pattern = as shown in Fig. 12.16(a) 
recirculation rate = as shown in Fig. 12.16(a) 
settled wastewater BOD (primary effluent) = 130 mg/1 
diameter of filter = 18.0 m 
depth of media = 2.1 m 
wastewater temperature = 18“C 

Solution: 

raw-wastewater flow = 280 gpm = 1530 mVd 
recirculation flow = 0.50 X 1530 = 765 mVd 

BOD load = 1530 mVd X 130 mg/1 X = 200 kg/d 

1000 mg/1 

surface area of filter = 7r( 18.0)2/4 = 254 m^ 
volume of media = 254 X 2.1 = 533 m^ 

200,000 g 

BOD loading = ° = 375 g/m^-d = 23.5 lb/1000 ftVday 

533 m^ 


V. V 1 ... 1530 mVd-f 765 mVd h 

hydrauhc loading --- 9.04 mVm^'d = 0.15 gpm/fF'd 

254 m2 
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By Eqs. (12.43) and (12.42), 


F = 


1 + 0.5 


= 1.36 




(1 + o.i X o.sy 

_ 100 _ 

1 + 0.0561(23.5/1.36)“- 


81.1% 


Using Eq. (12.45), 


£■,« = 81.1 X 1.035‘«-““ = 75.7% 

Effluent BOD = 130[(100 - 75.7)/100] = 32 mg/1 ■ 


■ EXAMPLE 12.5 The design flow for a new two-stage trickling-filter plant is 1.2 mgd, 
with an average BOD concentration of 315 mg/1. Determine the dimensions of the 
sedimentation tanks and trickling filters (surface areas and depths) for the flow scheme 
shown in Fig. 12.24. Calculate the volume of filter media based on a loading of 35 lb of 
BOD/1000 ftVday, and divide the resulting volume equally between the primary and 
secondary filters. Estimate the BOD concentration in the plant effluent at 20°C. 

Solution: 

Primary Tank Criteria; (1) 500-gpd/ft^ overflow rate based on raw Q or 750 gpd/ft^ 
based on Q plus recirculation flow; (2) minimum depth of 7 ft. However, if accumulated 
sludge is to be retained in the bottom of the tank, increase the depth to accommodate the 


f -► Sludge 


I 

I 



Influent 

Q 


Effluent 

Q 


Figure 12.24 Flow scheme of the two-stage trickling-filter plant for 
Example 12.5. 
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necessary sludge storage volume. 


or 


1 , 200,000 

area required = —— = 2400 ft^ 


. , 1.5 X 1,200,000 

area required =-—-- 2400 ft^ (Use) 

750 


Estimate the daily sludge accumulation at 4% solids, assuming a sludge solids accu¬ 
mulation equal to 90% of the BOD load: 


volume = 


0.9 X 450 X 1.2 X 8,34 
0.04 X 62.4 


= 1620 fU 


depth of sludge = 


1620 

2400 


0.7 ft 


Provide a side-wall depth of 8 ft plus freeboard. 


primary BOD removal = 35% 


Trickling Filters Criteria: (1) 35 lb/1000 ftVday BOD loading; (2) 0.16-0.48 gpm/fi' 
hydraulic loading. 


, . , 0.65X315X1.2X8.34 

volume required =- 

^ 0.035 


58,500 ft^ 


volume of each filter = 29,300 ft’ 

Try 6-ft depth: 

29,300 „ , 

area = - - = 4880 ft^ 

6.0 


Check the hydraulic loading: 

(1.5 + 0.75)1,200,000 
4880 X 1440 


0.38 gpm/ft^ (OK) 


Use 6-ft-deep filters with a 4880-ft2 area. 

Intermediate Settling Tank Criteria: (1) lOOO-gpd/ft^ overflow rate; (2) minimum 
depth of 7 ft. 


area required = 


1.25 X 1,200,000 
1000 


1500 ft^ 


Use a side-wall depth of 7 ft plus freeboard. 

Final Settling Tank Criteria: (1) SOO-gpd/ft^ overflow rate; (2) minimum depth of 7 ft. 


area required = 


1 , 200,000 

800 


= 1500 fT2 


Use a side-wall depth of 7 ft plus freeboard. 
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Calculation of BOD removal efficiency 

primary tank = 35% 

First-stage filter: 

0.65X315X1.2X8.34 

BOD loading --—-- 70 lb/1000 ftYday 

^ 0.50Q + 0.752 , „ 

R - - -1.25 


= 


100 


1 + 0.0561(70/1.25)0^ 


= 70% 


Second-stage filter: 


BOD loading = 0.30 X 70 = 21 lb/1000 ftVday 

« = ^^5e±0:Z5e = 1.0 


r7 _ 1 + 1.0 

“ (1 +0.1 X 1.0)2” 


By Eq. (12.44), 


£2 = 


100 


= 60% 


1 + [0.0561/(1 - 0.70)1(21/1.65)°5 

The plant efficiency is 

£ = 100 - 100[(1 - 0.35)(1 - 0.70)(1 - 0.60)] = 92.2% 
The estimated effluent BOD is 0.078 X 315 = 25 mg/1. 


12.16 Efficiency Equations for Plastic-Media Trickling Filters 

The hydraulic profile for typical design of a biological tower is shown in Fig. 12.25. 
Primary clarification is required to remove settleable and floating solids prior to filtra¬ 
tion. Direct recirculation of the tower underflow is blended with the clarified raw waste- 
water to provide dilution and a greater flow through the media. In this way, the deep 
biological bed is more effectively used by vertical distribution of the BOD load through¬ 
out the depth of the media, and treatment is improved by passage of the wastewater 
through the filter more than once. 

BOD loadings on biological towers with plastic media are usually 50 Ib/l 000 ftVday 
(800 g/m^‘d) or greater with surface hydraulic loadings of 1.0 gpm/fF (60 mym^-d, 
0.68 l/m2*s) or greater. The design loading selected for treatment of a particular waste- 
water depends on BOD concentration, biodegradability, temperature, type and depth of 
media, and the ratio and pattern of wastewater circulation. 

Plastic media, such as vertical-flow and cross-flow modules (Fig. 12.20) and ran¬ 
dom packing (Fig. 12.19), are manufactured with uniform geometric features of specific 
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Figure i 2.25 Profile of a typical biological tower with direct recirculation 
through tower and recirculation of underflow from the final clarifier to the 
Inlet of the plant. 


surface and shape. The objectives in design of these media are to provide a surface 
area that supports a continuous biological growth and distribution of the applied waste- 
water so that it flows uniformly over the biological growth. Based on this “definable" 
physical-biological system, several efficiency equations have been developed, modified, 
and refined in an attempt to find a suitable mathematical model. Nevertheless, no uni¬ 
versal model exists to precisely describe substrate removal in a trickling filter. The fol¬ 
lowing equations define a common model used in environmental engineering practice. 

The residence time of applied wastewater in a filter bed is an important factor in 
BOD removal. The mean contact time between the wastewater and the biological film 
on the surface of the media can be related to filter depth, hydraulic loading, and the 
geometry of the media as 


where 



(12.46) 


t = mean residence time, min 
D = depth of media, ft (m) 

Q — hydraulic loading, gpm/fl? (mVm^-h) 

C,n= constants related to specific surface and configuration of media 

Exponent n and constant C are determined from pilot-plant studies using an ex¬ 
perimental filter column packed with synthetic media to the depth of a full-scale unit. A 
minimum of three ports at different depths are installed to collect samples of the waste- 
water percolating down through the packing. Residence time is measured by adding a 
pulse tracer input, such as fluorescent dye, and observing the concentration of tracer in 
the effluent with respect to time. The mean residence time is when 50% of the tracer has 
passed out of the filter column. Since the thickness of the biological film affects the 
residence time, the experimental filter is acclimated to an applied wastewater feed fora 
sufficient period of time to establish dyn ami c equilibrium between the organic loading 
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and microbial mass. Values of n and C are determined from a graph of the t and Q data 
plotted on logarithmic paper. From Eq. (12.46), t is proportional to Q""; therefore, 


Alogf 

Alog 


(12.47) 


and C = tID when j2 = 1.0. 

The removal of soluble BOD in a plastic-media trickling filter, where the media 
supports a continuous biological growth and the wastewater is uniformly distributed, is 
as follows, based on first-order kinetics: 


where 


^^e-KDiQ- ( 12 . 48 ) 

Jo 

Se = soluble (filtered) BOD in effluent, mg/1 
Sq = soluble (filtered) BOD in influent, mg/1 
e = 2.718 (the Napierian base) 

K = reaction-rate constant, gal/min/ft^ 

D — depth of media, ft 
Q = hydraulic loading, gpm/ft^ 
n = empirical flow constant 


This equation can be rewritten to include the specific surface area of the media by 
substituting for K: 


c 

-1 = e-k^sOiQ” (12.49) 

Ao 

where 

St — soluble (filtered) BOD in effluent, mg/1 
5o = soluble (filtered) BOD in influent, mg/1 
^20 = reaction-rate coefficient at 20°C, (gpm/fF)°-^ [(l/m^'s)® ’] 

Aj = specific surface area of media, ftVfF (mVm^) 

D = depth of media, ft (m) 

Q = hydraulic loading, gpm/fF (1/m^’s) 

n = empirical flow constant, normally selected as 0.5 for vertical-flow and 
cross-flow media 

The reaction-rate coefficient is corrected for temperature by the relationship 

k = (12-50) 

where 


k = reaction-rate coefficient at temperature T, °C 
^20 = reaction-rate coefficient at 20° C 
0 = temperature coefficient, normally selected as 1.035 
T = wastewater temperature, °C 
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Equation (12.49) can be rewritten and include Eq. (12.50) as follows: 

, So k,oA,De^~^-^ 

In— =- 

Se Qn 


(12.51) 


This is a linear equation convenient for analysis of experimental data. The value of Jijo 
is determined graphically by plotting In So/S^ versus A, on arithmetic paper. 

The value of k is the slope of a straight line originating from the origin and drawn as a 
best fit through the plotted data. 

The BOD concentrations of the applied wastewater before and after dilution with 
clear recirculation flow is 


So 


Sp + RS, 
1 + R 


(12.52) 


where 

Sq = soluble BOD in influent after dilution with recirculated flow, mg^l 

Sp = soluble BOD in primary effluent before dilution with recirculated flow, mg^l 

Se = soluble BOD in effluent, mg/1 

R = recirculation ratio, recirculated flow/primary effluent flow, QglQ 


Combining Eqs. (12.49), (12.50), and (12.52): 


S p-*joB’''“4,0/(ep(l+R))" 

— ---- (12.53) 

Sp (1 + /?) - 

where 

Qp = hydraulic loading of primary effluent without recirculation flow, gpm/ft^ 

This mathematical model is a simplification of complex biological-physical inter¬ 
actions that occur in trickling filters. The values for the reaction-rate coefficient iio 
vary with media of different configurations with the same specific surface areas. The 
coefficient also varies with wastewater treatability and depth of media. The approx¬ 
imate range for k^o values for vertical-flow media is 0.0008-0.0016 (gpm/ft^)"^ 
[0.0010-0.0020 (l/m^'s)°®], and for cross-flow media it is 0.0014-0.0023 (gpm/ft^)®’ 
[0.0017-0.0028 (l/m^'s)°*]. The k^o values for cross-flow media are greater than those 
for vertical-flow media, which is attributed to longer contact time and better wastewater 
flow distribution. Often manufacturers provide field data to verify reaction-rate coeffi¬ 
cients for their media; however, where feasible, pilot studies using selected media are 
recommended to determine the k^o for design. 

Example 12.6 illustrates the application of these equations to determine the values 
of the reaction-rate constant and the empirical flow constant n for random packing 
in a pilot-plant study. Example 12.7 presents the evaluation of data from a field study to 
determine the /tjo for high-density cross-flow media in a shallow trickling filter. 


■ EXAMPLE 12.6 Balakrishnan, Eckenfelder, and Brown [10] demonstrated the feasi¬ 
bility of determining the constants for Eqs. (12.46) and (12.48), using data from a pilot- 
plant study. 
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The trickling filter was a 20-in.-diameter, 9-ft-long fiberglass cylinder with an air 
sparger to provide a uniform distribution of air from the bottom and distribution plates 
on top for uniform hydraulic loading. The filter was filled to a depth of 8 ft with L5-in.- 
diameter cylindrical random packing with a specific surface of 40 ftVft^ and 96% void 
space. Eight sampling ports were located at 1-ft intervals from the top of the filter bed. 

The feed was settled domestic wastewater, containing filtered (soluble) BOD con¬ 
centrations in the range of 65 -90 mg/1, applied at hydraulic loadings of 0.20,0.30, and 
0.43 gpm/ft^. After acclimation at each loading rate, samples were collected at various 
depths in the filter for laboratory analysis. The wastewater samples were settled for 
30 min and filtered through Whatman No. 42 filter paper prior to BOD testing. 

Solution: Mean residence times of the wastewater in the filter were determined by 
measuring the time for concentrated doses of salt solution to flush through the column. 
The results, with and without the presence of biological slime growth, are graphed in 
Fig. 12.26. The constant n for Eq. (12.46) is the negative slope of the line, and C is the 



Figure 12.26 Relationship between hydraulic loading and mean 
residence time for Example 12.6. [Adapted from S. Balakrishnan, 
W. W. Eckenfelder, and C. Brown, “Organics Removal by a Selected 
Trickling Filter Media,” Water and Wastes Eng. 6(1} (1969): A.22- 
A.25.] 
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intercept of the line at the vertical axis divided by the depth of media. With a biological 
growth coating the packing, the mean residence time was 

IID 

t = - 

Q004S 


The mean residence time of clean packing, without slime, was 

^ 1.9D 

^ 00.43 


A comparison of these equations shows the significant effect that slime growth has 
on the mean residence time. 

Soluble BOD removal data are plotted in Fig. 12.27 as the logarithm of BOD re¬ 
maining, SJSo, versus the depth D in the filter packing. From Eq. (12.48), 


log 





(12.54) 


Based on this equation, the slope of each line drawn through log(5e/5o) versus D data 
for a specific hydraulic loading is defined as 


slope = 


logjSJSo) 

D 



(12.55) 


The slopes in Fig. 12.27(a) for hydraulic loadings of 0.20, 0.30, and 0.43 gpm/ft^ are 
0.059,0.051, and 0.045, respectively. 

Taking the logarithm of both sides of Eq. (12.55) yields 

log(slope) = n log 0 - \og(KI2.3) (12*56) 

which is the equation for a straight line of slope n. Therefore, the slope of a line drawn 
through log(slope) versus log Q data is the value of the constant n. From th? logarithmic 
plot in Fig. 12.27(b), n = 0.39 [based on the slopes and hydraulic loadings given in 
Fig. 12.27(a)]. 

Finally, the constant K is determined by plotting log(5,./5o) versus DIQ” and deter¬ 
mining the slope of the line drawn through the data, which from Eq. (12.54) equals 
-{KI13). For the SJS^ and data plotted in Fig. 12.27(c), the slope of the line is 

0.0324, and = 2.3 X 0.0324 = 0.0745 min'*. 

The average operating temperature of the pilot filter was 14°C. Correcting K to 
20® C using Eq. (12.50), the reaction-rate constant at 20° C is 


K.'m — 


K 


0.0745 


(1.035)^-“ (1.035)*^-2o 


= 0.092 min' 


Substituting values of ^ = 0.092 and n = 0.39 in Eq. (12.48), the soluble BOD 
removal firom a settled domestic wastewater for the specific filter packing tested is 


Sq 


e 


0 39 


(12.57) 

I 


-0092r)/Q‘ 






(c) 

Figure 12.27 Plotted data for Example 
12.6. (a) Relationship between filter depth 
and fraction of BOD remaining at various 
hydraulic loads, (b) Diagram for determination 
of n. (c) Diagram for determination of K. 
[Adapted from S. Balakrishnan, W. W. 
Eckenfelder, and C. Brown, “Organics Removal 
by a Selected Trickling Filter Media,” Water 
and Wastes Eng. 6(1) (1969); A.22--A.25.] 
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■ EXAMPLE 12.7 Drury, Carmona, and Delgadillo [11] describe the rehabilitation 
of an old shallow stone-media trickling filter by installing plastic media to solve the 
problem of jxjnding due to plugging of voids in the bed. 

High-density cross-flow media with a specific surface area of 138 mVm’ (42ftW) 
and a depth of only 1.02 m (3.33 ft) was installed in the trickling-filter tank, which was 
21.3 m (70 ft) in diameter. Before undertaking costly rehabilitation of the final settling 
tank, a study was performed to evaluate performance of the media and to establish a 
suitable loading for operation. The trickling filter was operated at a constant flow rate 
throughout the day (7 a.m.-midnight), with the primary effluent diluted by trickling- 
filter effluent returned to the wet well; the recirculation ratio ranged from 0.8 to 1.1. 
During the 8-hr period from 8 a.m.-4 p.m., the influent and effluent were composited 
and refrigerated by automatic samplers at 15-min intervals. The effluent sample was 
allowed to settle for 1 hr in a laboratory container to simulate clarification in a final 
settling tank, and the supernatant was decanted for analysis. The samples were tested 
for total BOD and dissolved BOD after filtration through a glass-fiber filter. The test 
results for the winter evaluation period are given in Table 12.2. 

Solution: For each set of Q, T, So, and S,., calculate values for In So/Se and 
The following are sample calculations for the first set of data: 


ln^= In—= 0.89 
S.. 18 


As = 138 mVm-\ D = 1.02 m, 0 = 1.035, and n = 0.5: 


Q" 


138 X 1.02(1.035)-”» 
(0.49)" 5 


= 201 


The calculated values for determining ^20 are listed in Table 12.2 and plotted in 
Fig. 12.28. The slope of the best-fit line through the plotted points is the reaction-rate 
coefficient ^20 equal to 0.0047 (l/m^’s)"^. 

This field evaluation demonstrated that high-density cross-flow media can be effec¬ 
tively used in shallow filters at high BOD loadings. The k^o was significantly greater 
than expected, based on other studies conducted of towers with much deeper media. 


Table 12.2 Sampling Data and Calculated Values for Determination of 
Reaction-Rate Coefficient ^20 in Example 12.7 __ 


Q 

(1/m^-s) 

T 

CQ 

INFLUENT 

BOD 

(mg/1) 

So 

(mg/1) 

EFFLUENT 

BOD 

(mg/1) 

s. 

(mg/1) 

LN^ 

s. 

(?' 

[(l/m--s)-'’1 

0.49 

20.0 

75 

44 

32 

18 

0.89 

201 

0.54 

20.5 

50 

29 

23 

13 

0.80 

195 

0.49 

20.0 

73 

38 

27 

14 

1.00 

201 

0.49 

18.5 

53 

22 

22 

9.5 

0.84 

191 

0.59 

18.5 

64 

34 

32 

17 

0.69 

174 

0.49 

19.0 

45 

30 

24 

12 

0.92 

195 

0.31 

23.0 

80 

33 

16 

9.2 

1.28 

280 

0.35 

21.5 

66 

37 

18 

12 

1.13 

251 
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Figure 12.28 Plotof In So/S* versus/AsDe^-^o/Q" to determine/< 2 o for 
Example 12.7 


Although the reason for this is not known, the authors speculated that the high BOD 
removal efficiency of a shallow bed may be related to improved oxygen transfer. 

An allowable loading on the filter used in the study with high-density cross-flow 
media can be calculated based on the following parameters; 

Depth of media = 1.02 m 
Specific surface area = 138 mVm^ 

= 0.0047 (1/m-s)'’-'' 

Wastewater temperature = 10°C 
Influent BOD with recirculation flow = 70 mg/1 
Soluble influent BOD = 35 mg/1 
Allowable effluent BOD = 25 mg/1 
Soluble effluent BOD = 12.5 mg/1 

Rearranging Eq. (12,51), 

ln(So/S,) ; 

0.0047 X 138 X 1.02(1.035)'”-^“ 
ln(35/12.5) 



j =0.2081/m--s 



(12.58) 
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Allowable BOD loading is 


1 


m-'s 


86,400^ ) ( BOD Y 


g 


1000 mg 


A, 


(12.59) 


0.208 X 86,400 X 70 
1000 X 1.02 


= 1200 g/m’ • d (77 lb/1000 ftVday) 


12.17 Combined Trickling-Filter and Activated-Sludge Processes 

Trickling filters alone may not be able to meet stringent effluent standards occasionally 
specified for treatment. Combining trickling filtration with activated-sludge processes 
can increase removal efficiency. The combined system consists of a deep trickling filter 
(biological tower) followed by an aeration tank with sludge recirculation from a final 
clarifier. To ensure adequate aeration, the filter media are either cross-flow or vertical- 
flow plastic modules with a high percentage of void space. The aeration tank and final 
clarifier is an activated-sludge system often referred to as a solids contact process. The 
final clarifier is either a conventional activated-sludge sedimentation tank or one with a 
flocculation zone inside a large inlet baffle. 

The trickling-filter activated-sludge process can be designed to operate with various 
flow patterns, as illustrated in the composite flow diagram in Fig. 12.29. By providing 
direct recirculation for adequate hydraulic loading, the trickling filter can be operated 
independent of the second-stage aeration process. In this arrangement, the filter is called 
a roughing filter, and the system is suitable to treat variable-strength wastewaters. 
The filter absorbs shock loads to stabilize loading on the subsequent activated-sludge 
process. 

The other common flow pattern includes recirculation of a portion of the settled 
biological solids from the final clarifier to the trickling-filter influent to form an activated 
sludge that recycles through both the filter and the aeration tank. [This process is re¬ 
ferred to by several names: activated biological filtration (ABF), activated biofiltratiofl- 
activated-sludge, and trickling filtration-solids contact process.] This composite system 
has the characteristics of both fixed-film and suspended-growth processes. The mixed 
liquor in the aeration tank enhances removal of nonsettleable and dissolved BOD in the 



Figure 12.29 Profile of a combined trickling-filter activated-sludge process. 
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filter effluent. Because of good process stability, a high-quality effluent can be consis¬ 
tently produced. In a way, the biofilter in this process is acting as a static aerator; there¬ 
fore, by increasing the hydraulic loading by recirculation, the transfer of oxygen is 
increased. However, if excess sludge solids are recirculated through the biofiker, the 
oxygen demand exceeds the transfer capability of the media and limits BOD removal. 

Equations to model the activated biofiltration-activated-sludge process have not 
been successfully formulated because of the difficulty in analyzing the system. In de¬ 
sign, removal by the biofilter must be determined first so that the aeration tank and 
associated aeration equipment can be properly sized. Arora and Umphres [12] evaluated 
the operation of 17 activated biofiUtration-activated-sludge plants with redwood-media 
filters. The following are the ranges of various design and operational parameters of 
these treatment systems: percentage of the total volume (filter media plus aeration tank) 
that is aeration tank volume, 40%-75%; system BOD loading based on total volume, 
20-50 lb/1000 ftVday (320-800 g/m'*-d); biofilter loading, 50-110 lb/1000 ftVday 
(800-1800 g/m’*d); system food/microorganism ratio, 0.2-1.0 with the median at 
0.5; and effluent BOD and effluent suspended solids, 5-25 mg/1. The operating per¬ 
sonnel at most of the plants believed the system was more stable than conventional 
activated sludge and was better able to absorb shock loads. 


12.18 Description of Rotating Biological Contactor 
Media and Process 

A rotating biological contactor (RBC) consists of a shaft of circular plastic disks 12 ft 
in diameter revolving at 40% submergence in a contour-bottom tank. The nominal spac¬ 
ing between disks is 0.50-0.75 in. so that during submergence the wastewater can enter 
between the surfaces. When rotated out of the tank, air enters the spaces while the liquid 
trickles out over films of biological growth attached to the media. Alternating exposure 
to organics in the wastewater and oxygen in the air is similar to dosing a trickling filter 
with a rotating distributor. Excess microbial solids are hydraulically scoured from the 
media and carried out in the process effluent for gravity separation in a final clarifier. A 
rotating biological contactor system has the advantages of low power consumption and 
good process stability. Nevertheless, new RBC installations are rare because of cost 
relative to trickling filters. 

The arrangement for secondary treatment of municipal wastewater by the RBC pro¬ 
cess, as shown in Fig. 12.30, is similar to the flow diagram of a trickling-filter plant. The 
biological process is preceded by primary clarifiers and followed by secondary clarifi¬ 
ers. These settling tanks are sized using the same design criteria as for clarifiers in a 
trickling-filter plant. Settled solids that accumulate in the final clarifier are returned to 
the head of the plant for settlement with the raw-wastewater solids; thus, waste sludge 
is withdrawn only from the primary clarifiers. Since recirculation does not improve per¬ 
formance, the return flow is not designed to recycle wastewater through the RBC units. 

Wastewater after sedimentation is applied to the first stage of a series of RBC cham¬ 
bers separated by baffles. In processing a wastewater that is essentially domestic in 
characteristics, a series of four stages is usually employed to ensure adequate BOD 
reduction; additional stages can be added to initiate nitrification. Each stage acts as a 
completely mixed chamber, and the slow movement of wastewater through the system 
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Return of settled solids 



Section 

Figure 12.30 Flow diagram for a domestic wastewater plant using 
rotating biological contactors for secondary treatment. 


simulates plug flow. Biological solids sheared from the disk surfaces are hydraulically 
transported under the baffles separating the chambers and conveyed from the system 
suspended in the effluent. 

Rotating biological contactors are sensitive to cold and must be protected from 
normal outdoor weather conditions—that is, precipitation, wind, and intense sunshine. 
Standard design procedure is either to enclose individual stages under insulated plastic 
covers or to house a series of units in a suitable building with adequate ventilation. 

Manufacturers’ literature usually suggests design criteria based on operational per¬ 
formance of their full-scale installations. Typical recommendations follow for second¬ 
ary treatment of domestic wastewater to yield an effluent of less than 30 mg/1 of BOD 
and 30 mg/1 of suspended solids: 

1. Average loading based on total RBC surface area should be 1.5 lb/1000 ftVday of 
soluble BOD or 3.0 lb/1000 ftVday of total BOD (7.5 g/m-*d of soluble BOD or 
15 g/m--d of total BOD). 

2. Maximum loading on the first stage should be 6 Ib/lOOO ftVday of soluble BOD 
or 12 lb/1000 ftVday of total BOD (30 g/m-’d of soluble BOD or 60 g/m^'d of 
total BOD). 

3. A temperature correction for additional RBC surface area of 15% should be made 
for each 5°F below a design wastewater temperature of 55° F (15% for each 2.8°C 
below 13°C). 

These recommendations are consistent with observed satisfactory performance at larger 
installations. For small plants, the safe upper limit is an average soluble BOD loading 
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of approximately 1.0 lb/1000 ftVday (5 g/m^-d). Mathematical models to predict the 
performance of the RBC process reliably are still in the developmental stage [13]. 


■ EXAMPLE 12.8 Calculate the RBC area required for secondary treatment of a raw 
domestic wastewater having 230 mg/1 of BOD. The design flow is 2.0 mgd at a tem¬ 
perature of 50®F. The effluent quality specified is 30 mg/1 of BOD. 

Solution: 


primary effluent BOD concentration = 0.65 X 230 = 150 mg/1 

An appropriate average BOD loading to achieve an effluent BOD of 30 mg/1 is 
3,0 lb/1000 ftVday at 55° F. Therefore, 


RBC area at 55° F = 


2.0 X 150 X 8.34 
3.0 


2500 

3.0 


834,000 ft^ 


Correcting for a temperature of 50°F by a 15% area increase per 5°F, 

RBC area at 50°F = 1.15 X 834,000 = 959,000 fF 

Use RBC shafts manufactured with a nominal surface area of 60,000 ft^ with 12-ft- 
diameter disks for installation in tanks with a length of 17 ft 4 in. Install four rows of 
four stages for a total of 16 X 60,000 = 960,000 ftl 

BOD loading on the first stage based on a temperature of 55° F should not exceed 
12 lb/1000 ftVday. 

2500 X 4 

first-stage loading at 55°F = lb/1000 ftVday (OK) ^ 


ACTIVATED SLUDGE 

Activated-sludge processes are used for both secondary treatment and complete aerobic 
treatment without primary sedimentation. Wastewater is fed continuously into an aer¬ 
ated tank, where the microorganisms metabolize and biologically flocculate the organics 
(Fig. 12.8). Microorganisms (activated sludge) are settled from the aerated mixed liquor 
under quiescent conditions in the final clarifier and returned to the aeration tank. Clear 
supernatant from the final settling tank is the plant effluent. 

The primary feeders in activated sludge are bacteria; secondary feeders are holozoic 
protozoans (Fig. 12.11). Microbial growth in the mixed liquor is maintained in the de¬ 
clining or endogenous growth phase to ensure good settling characteristics (Fig. 12.9). 
Synthesis of the waste organics results in a buildup of the microbial mass in the system. 
Excess activated sludge is wasted from the system to maintain the proper food/micro¬ 
organism ratio (F/M) and sludge age to ensure optimum operation. 

Activated sludge is truly an aerobic treatment process because the biological floe 
are suspended in a liquid medium containing dissolved oxygen. Aerobic conditions 
must be maintained in the aeration tank; however, in the final clarifier, the dissolved- 
oxygen concentration can become extremely low. Dissolved oxygen extracted from the 
mixed liquor is replenished by air supplied to the aeration tank. 
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12.19 BOD Loadings and Aeration Periods 


General loading and operational parameters for the activated-sludge processes used in 
treatment of municipal wastewater are listed in Table 12.3. 

The BOD load on an aeration tank is calculated using the BOD in the influent 
wastewater without regard to that in the return sludge flow. BOD loadings are expressed 
in terms of pounds of BOD applied per day per 1000 ft-’ of liquid volume in the aeration 
tank and in terms of pounds of BOD applied/day/lb of mixed-liquor suspended solids 
(MLSS) in the aeration tank. The latter, the F/M ratio, is expressed by some authors in 
terms of Ib of BOD applied/day/lb of volatile mixed-liquor suspended solids (MLVSS). 

The aeration period is the detention time of the raw-wastewater flow in the aeration 
tank expressed in hours. It is calculated by dividing the tank volume by the daily average 
flow without regard to return sludge. The activated sludge returned is expressed as a 
percentage of the raw-wastewater influent. For example, if the return sludge rate is 20% 
and the raw-wastewater flow into the plant is 10 mgd, the return sludge is 2.0 mgd. 

BOD loadings per unit volume of aeration tank vary from greater than 100 to less 
than 10 lb of BOD/1000 ftVday, while the aeration periods correspondingly vary from 

2.5 to 24 hr. The relationship between volumetric BOD loading and aeration period 
is directly related to BOD concentration in the wastewater. For example, converting 
the average BOD concentration of 200 mg/1 into units of pounds per 1000 ft’ yields a 
concentration of 


200 mg/1 X 


62.4 lb/1000 ft’ 
1000 mg/1 


12.5 lb/1000 ft’ 


Therefore, 200 mg/1 wastewater applied to an extended aeration system with a 24-hr 
(1-day) aeration period results in a BOD loading of 12.5 lb/1000 ft’/day. If a high-rate 
aeration period of 6.0 hr is considered, the BOD loading becomes 

24 h*" 

12.5 lb/1000 ft’/day X -^ = 50 lb/1000 ftVday 

^ 6.0 hr 


Sludge age (mean cell residence time) relates the quantity of microbial solids in an 
activated-sludge process to the quantity of solids lost in the effluent and excess solids 
withdrawn in the waste sludge. Equation (12.60) establishes the sludge age in days on 


Table 12.5 General Loading and Operational Parameters for 
Activated-Sludge Processes 


BOD LOADING AVERAGE 

- return 


PROCESS 

lb BOD 
lOOOft-V 
day“ 

lb BOD/ 
day/Ib of 
MLSS 

SLUDGE 

AGE 

(days) 

AERATION SLUDGE 
PERIOD RATES 
(hr) (%) 

Step aeration 
Conventional 

30-50 

0.2-0.5 

5-15 

5.0-7.0 

50 

(tapered aeration) 
Contact 

30-40 

0.2-0.5 

5-15 

6.0-7.5 

30 

stabilization 

30-50 

0.2-0.5 

5-15 

6.0-9.0 

100 

Extended aeration 

10-30 

0.05-0.2 

20 + 

20-30 

100 

High-purity oxygen 

120-t- 

0.6-1.5 

5-10 

1.0-3.0 

30 


“1.0 lb/1000 ftVday = 16 g/m^-d. 
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the basis of MLSS in the aeration tank relative to SS discharged in the effluent and SS 
in the waste sludge withdrawn daily; 


Sludge age = 


MLSS X V 
SS,. X Q, + SS,„ X Q„. 


( 12 . 60 ) 


where 

sludge age = mean cell residence time, days 

MLSS = mixed-liquor suspended solids, mg/1 

V = volume of the aeration tank, mil gal (m-Vd) 

SS, = suspended solids in effluent, mg/1 
SS„ = suspended solids in waste sludge, mg/1 
2, = quantity of effluent wastewater, mgd (mVd) 

Q,, - quantity of waste sludge, mgd (m-Vd) 

Sludge age is also calculated using the MLVSS (volatile portion of the MLSS) and the 
VSS (volatile suspended solids) in the effluent and waste sludge. The argument is that 
the volatile portion of the suspended solids is more representative of the microbial 
masses, and thus the sludge age expresses the residence time of the microbial cells in 
the system more realistically. 

The suspended-solids concentration maintained in the MLSS of conventional and 
step-aeration processes ranges from 1500 to 3000 mg/1. The concentration held in the 
operation of a particular system depends on the desired F/M and sludge age for the 
applied BOD load. High-rate completely mixed processes generally operate with higher 
MLSS concentrations of 3000-4000 mg/1. Because of the variety of extended aeration 
processes, MLSS values encompass the entire range of 1000 to greater than 5000 mg/1. 

Solids retention in an activated-sludge system is measured in days, whereas the 
liquid aeration period is in hours. For example, a conventional activated-sludge process 
with an MLSS of 2500 mg/l in the aeration tank, treating an average domestic waste- 
water and operating at a 6-hr aeration period, has a sludge age of approximately 7 days. 
The suspended solids are cycled in the system from final clarifier back to aeration tank, 
while the liquid flows through the aeration tank and clarifier. 

Effluent quality from well-operated activated-sludge processes in the BOD loading 
range of 30-50 lb BOD/1000 ftVday can reliably meet the secondary standards of aver¬ 
age maximum BOD of 30 mg/l and suspended solids of 30 mg/l with the temperature 
of mixed liquor at 10°-20°C (50°-68°F). At loadings lower in the listed range, or 
mixed-liquor temperature in the upper range, the effluent quality is more likely to be 
nearer 20 mg/l BOD and 20 mg/l suspended solids. Biological activity doubles (or 
halves) for every 10°- 15°C temperature change. Therefore, for processes in the load¬ 
ing range of 30-50 lb BOD/1000 ftVday, reducing the mixed-liquor temperature m 
5°-10°C can adversely affect effluent quality. Conversely, in the range of 15 25 , 

the quality of the effluent is likely to improve, or the loading can be increased with no 
detriment to effluent quality. Because extended aeration systems operate in a lower range 
of 10-30 lb BOD/IOOO ftVday, a decrease or an increase in mixed-liquor temperature has 
less influence on effluent quality. Selection of aeration equipment is to some extent die 
tated by this relationship between allowable BOD loading and operating temperature, n 
a cool climate, submerged diffused aeration is common to reduce cooling of the mixed 
liquor in winter operation. In a warm climate, surface aerators that spray the mixed liquor 
in the air to absorb oxygen can be used since cooling is not a major consideration. 
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Figure 12.31 Generalized biological process reactions in the activated- 
sludge process. 


The wide range of aeration periods and BOD loadings used in activated-sludge 
processes tends to contrast one process with another. Also, the variety of physical fea¬ 
tures, such as the aeration tank size and shape, used in the various processes tends to 
accent the differences. Actually ail activated-sludge processes are biologically similar, 
as seen in the generalized activated-sludge diagram of Fig. 12.31. BOD is removed in 
the process by assimilative respiration of microorganisms, and the new cell growth is 
reduced by endogenous respiration. Excess microbial growth is withdrawn from the 
system by wasting activated sludge. Oxygen is added to the process to maintain aerobic 
biological activity. 

■ EXAMPLE 12.9 Data from a field study on a step-aeration activated-sludge second¬ 
ary are as follows; 

aeration tank volume = 120,000 ft^ = 0.898 mil gal 
settled wastewater flow = 3.67 mgd 
return sludge flow = 1.27 mgd 
waste sludge flow = 18,900 gpd = 0.0189 mgd 
MLSS in aeration tank = 2350 mg/1 
SS in waste sludge = 11,000 mg/l 
influent wastewater BOD = 128 mg/l 
effluent wastewater BOD = 22 mg/l 
' effluent SS = 26 mg/l 
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Using these data, calculate the loading and operational parameters listed in Table 12.3 
and the excess sludge production in pounds of excess suspended solids per pound of 
BOD applied. 

Solution: 

BOD load = 3.67 mgd X 128 mg/1 X 8.34 = 3920 Ib/day 
MLSS in aeration tank = 0.898 mil gal X 2350 mg/1 X 8.34 = 17,600 lb 
BOD loading = 3920/120 = 32.7 lb/day/1000 ft^ 

BOD loading = 3920/17,600 = 0.22 Ib/day/lb of MLSS 


Using Eq. (12.60), 


sludge age = 
aeration period = 
return sludge rate = 
BOD efficiency = 


2350 X 0.898 


26 X 3.67 + 11,000 X 0.0189 
0.898 X 24 


= 7.0 days 


3.67 

1.27 X 100 
3.67 

(128 - 22)100 _ 
128 


= 5.9 hr 

= 35% 

= 83% 


0.0189 mgd X 11,000 mg/1 X 8.34 
sludge production -- 39 ^ 


= 0.44 lb SS wasted/lb BOD applied 


12.20 Operation of Activated-Sludge Processes 

Operation of an activated-sludge treatment plant is regulated by (1) the quantity of air 
supplied to the aeration basin, (2) the rate of activated-sludge recirculation, and (3) the 
amount of excess sludge withdrawn from the system. Sludge wasting is used to establish 
the desired concentration of MLSS, food/microorganism ratio, and sludge age. 

Field observations for monitoring an aeration system are the rates of wastewater 
influent, excess sludge wasting, and sludge recirculation; the dissolved-oxygen concen¬ 
tration in the mixed liquor; and the depth of the sludge blanket in the final clarifier. 
Laboratory tests are used to determine influent and effluent BOD, the concentration of 
suspended solids in the return sludge, and the concentration of MLSS in the aeration 
tank. From these data, BOD loadings, the aeration period, the return sludge rate, and the 
BOD removal efficiency can be calculated. The final clarifier operation is observed by 
testing for the concentration of suspended solids in the effluent and calculating the over¬ 
flow rate and solids loading. 

The degree of treatment achieved in an activated-sludge process depends directly 
on the settleability of the suspended solids in the final clarifier. If the biological floe 
Agglomerate and settle rapidly by gravity, the overflow is a clear supernatant. Con¬ 
versely, poorly flocculated particles (pin floe) and buoyant filamentous growths that do 
not separate by gravity contribute to BOD and suspended solids in the system effluent. 
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Table 12.4 Factors That Can Adversely Affect Settleability of Activated Sludge 
_ BIOLOGICAL FACTORS __ 

Species of dominant microorganisms (filamentous) 

Ineffective biological flocculation 
Denitrification in final clarifier (floating solids) 

Excessive volumetric and food/microorganism loadings 
Mixed-liquor suspended-solids concentration 

Unsteady-state conditions (nonuniform feed rate and discontinuous wasting of excess activated 
sludge) 

_ CHEMICAL FACTORS _ 

Lack of nutrients Insufficient aeration 

Presence of toxins Low temperature 

Kinds of organic matter 

_ PHYSICAL FACTORS _ 

Excessive agitation during aeration resulting in shearing of floe 

Ineffective final clarification: inadequate rate of return sludge, excessive overflow rate or solids 
loading, or hydraulic turbulence 


Excessive carryover of floe resulting in inefficient operation is referred to as sludge 
bulking. This can be caused by any one or a combination of the biological, chemical, 
and physical factors listed in Table 12.4. If an activated-sludge process is not functioning 
properly, the loadings on the aeration tank and final clarifier are calculated and compared 
to established design criteria. Next, operational procedures are reviewed to ensure 
proper aeration, sludge recirculation, and sludge wasting. Special laboratory tests can 
be performed to determine detrimental chemical characteristics of the wastewater, such 
as a lack of nutrients or the presence of toxins. Microscopic examination of the activated 
sludge can reveal excessive filamentous growth [14J. 


12.21 Activated-Sludge Treatment Systems 
Conventional Activated-Sludge Process 

The conventional process diagrammed in Fig. 12.32(a) is an outgrowth of the earliest 
activated-sludge systems constructed, used for secondary treatment of domestic waste- 
water. The aeration basin is a long rectangular tank with air diffusers on one side of the 
tank bottom to provide aeration and mixing. Settled raw wastewater and return activated 
sludge enter the head of the tank and flow down its length in a spiral flow pattern. An 
air supply is tapered along the length of the tank to provide a greater amount of diffused 
air near the head where the rate of biological metabolism and resultant oxygen demand 
are the greatest. A conventional activated-sludge aeration tank is shown in Fig. 12.33. 

The conventional activated-sludge process uses bubble air diffusers set at a depth 
of 8 ft or more to provide adequate oxygen transfer and deep mixing. Several different 
bubble diffusers are manufactured; common kinds are stainless-steel or hollow-cylinder 









Figure 12.32 Flow diagrams for common activated-sludge 
processes, (a) Conventional activated-sludge process, (b) Step- 
aeration activated-sludge process, (c) Contact stabilization without 
primary sedimentation, (d) Extended aeration without primary 
sedimentation. 
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(bj 

Figure 12.33 Conventional activated-sludge process, (a] Long 
rectangular aeration tank with submerged coarse-bubble diffusers 
along one side (Santee, CA). (b) Cross section of a typical aeration 
tank illustrating the spiral flow pattern created by aeration along 
one side. 


porous tubes 1-2 ft in length or porous disks about 6 in. in diameter. These individual 
diffusers are attached along a submerged air header about 10 ft in length attached to an 
air-supply hanger pipe. For maintenance of the diffusers, the hanger pipe can be de¬ 
signed with rotating joints (a swing-diffuser arm) so the header can be retracted usings 
portable jack. The tops of swing-diffuser hanger arms can be seen in Fig. 12.33(a) along 
the aeration tank. 
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Step-Aeration Activated-Sludge Process 

The step-aeration process [Fig. 12.32(b)] is a modification of the conventional process. 
Instead of introducing all raw wastewater at the tank head, raw flow is introduced at 
several points along the tank length. Stepping the influent load along the tank produces 
a more uniform oxygen demand throughout. While tapered aeration attempts to supply 
air to match oxygen demand along the length of the tank, step loading provides a more 
uniform oxygen demand for an evenly distributed air supply. 

Both step-aeration and conventional processes can use fine-bubble aeration. Fine- 
bubble diffusers produce bubbles with a diameter of approximately 2-5 mm (0.08- 
0.20 in.) in clean water. The three general categories of fine-pore media are ceramics, 
porous plastics, and perforated membranes. As illustrated in Fig. 12.34, individual dif¬ 
fusers are mounted on holders attached to air piping on the tank bottom. Each membrane 
or ceramic disc, either 9 in. or 7 in. in diameter, is sealed to a holder by a screw-on 
retainer ring with an 0-ring seal. With the diffusers over the entire floor area, the rising 
streams of fine bubbles mix and aerate the mixed liquor uniformly, keeping the mi¬ 
crobial floe in suspension. The benefit of fine-bubble aeration is a power savings of 
40%-60% when compared to coarse-bubble or mechanically aerated activated-sludge 
processes [14]. As a result of cost savings and system performance, use of fine-bubble 
aeration is now common in activated-sludge processes, particularly with automated con¬ 
trol. Automated aeration control is the manipulation of the aeration rate by computer to 
match the dynamic oxygen demand and maintmn the desired residual dissolved-oxygen 
concentration in the mixed liquor. 


^-EXAMPLE 12.10 A step-aeration activated-sludge process is being sized for a 
settled wastewater flow of 7.40 mgd (989,000 ftVd) containing 7900 Ib of BOD. The 
design maximum BOD loading is 40 lb/1000 ftVday, and the design minimum aeration 
period is 6.0 hr. (a) Calculate the dimensions for 4 identical aeration tanks, (b) Calculate 
the dimensions for 4 circular final clarifiers, (c) If the proposed minimum operating 
MLSS is 2000 mg/1, what is the calculated F/M at design loading? 

Solution: 


1. V (based on BOD loading) = “ 198,000 ft^ 

7,400,000 X 6.0 , 

V (based on aeration period) = — 24 X 7 4 8— ~ 247,000 ft^ 

Use 247,000 ft^ with an aeration period of 6.0 min, which results in a BOD 
loading of 31 lb/1000 ftVday. Install 4 aeration tanks with 13 ft liquid depth and 
24 ft width for fine-bubble aeration. 


length of each tank 


247,000 
4 X 13 X 24 


= 198 ft 



- Memhianc dillUMT 


Orihcc 
Bast; pfalc -- 



Uil fuser-^ 

holder 

Air distributor 

pipe- 




V J 


(a) 




(c) 

Figure 12.34 Fine-bubble diffuser for wastewater aeration, (a) A disc diffuser 
mounted on top of an air distributor pipe, (b) A grid of diffusers attached to air pipes 
mounted on the floor of an aeration tank, (c) Long rectangular aeration tank with 
uniform mixing and oxygenation by a grid of fine-bubble diffusers. (Courtesy of 
SANITAIRE, Water Pollution Control Corp.] 


574 













12 21 Activated-Sludge Treatment Systems 575 


2. From Section 10.16, use an overflow rate of 800 gpd/fF and side-water depth of 
11 ft to size 4 circular clarifiers. 

7,400,000 

surface area — —-rr;- = 2310 ft^ (diameter = 54 ft) 

4 X 800 

2300X 11 X 24 

detenuon tune = ' = 2-5 hr 


7Q0n 

F/M =- — -= 0.26 lb BOD/day/lb of MLSS 

2000 X 1.85 X 8.34 ^ 


Contact-Stabilization Activated-Sludge Process 

This process [Fig. 12.32(c)] provides for reaeration of the return activated sludge from 
the final clarifier, allowing this process to have a smaller aeration tank. The sequence of 
aeration-sedimentation—reaeration has been used as a secondary treatment process in 
large plants but is rare in new design. Current use is of complete aerobic treatment 
without primary sedimentation in factory-built field-erected plants .vith capacities of 
0.05-0.5 mgd, as pictured in Fig. 12.35. Using common walls for economical construc¬ 
tion, the plant consists of two concentric circular tanks about 14 ft deep with the inner 
shell 15-30 ft in diameter and the outer tank 30-70 ft in diameter. The doughnut¬ 
shaped space between the two tanks is divided into three chambers for aeration, re¬ 
aeration, and aerobic digestion. The circular chamber in the center is the final settling 
tank. The plant can also be segmented and constructed for extended-aeration or step- 
aeration processes. 

The sequence of operation for contact stabilization is aeration of the raw wastewater 
with return activated sludge, sedimentation to overflow clarified effluent, and reaeration 
of the settling tank underflow with a portion wasted to the aerobic digester. Supernatant 
drawn from the digester is returned to the aeration chamber. Periodically, aeration to the 
aerobic digester is stopped and suspended solids allowed to settle for withdrawal of 
gravity-thickened sludge for disposal. 

■ EXAMPLE 12.11 A contact-stabilization plant, similar to the one diagrammed in 
Fig. 12.35(a), has compartments with the following liquid volumes: 

aeration chamber = 85 m^ 
reaeration chamber = 173 m^ 
aerobic digester = 153 m^ 
sedimentation tank = 122 m^ (30.7-m2 surface area) 

If the plant is designed for an equivalent population of 2000 persons, calculate the BOD 
loading, aeration periods, and detention times. 
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Solution: 


hydraulic load = 2000 X 4501/person 

= 900,0001/d = 900 mVd 
BOD load = 2000 X 91 g/person 
= 182,000 g/d 
182,000 


BOD loading on aeration tanks = 


85 + 173 
85 X 24 


= 705 g/m^-d 


aeration period (based on raw wastewater flow) = " - 2.3 h 

173 X 24 

reaeration period (based on raw wastewater flow) = —= 4.6 h 

The detention time for sedimentation (assuming 100% recirculation flow) is 

122 X 24 , ^ , 

2 X900 

The overflow rate on final clarifier (based on effluent flow) is 

900 


30.7 


= 29.3 mW-d 


Extended-Aeration Activated-Sludge Process 

The extended-aeration process [Fig. 12.32(d)] is used primarily to treat wastewater 
flows from residential communities and small municipalities. The aeration period is 
24 hr or greater, with complete mixing of the aeration tank and, because of low BOD 
loading, the activated-sludge process operates in the endogenous growth phase. As a 
result, the biological process is very stable and can accept variable loading. Waste sludge 
is discharged to an aerobic digester for stabilization prior to disposal. Final settling tanks 
are conservatively sized for a long detention time and a low overflow rate, generally 
in the range of 200-600 gpd/fF for aeration tank volumes in the range of 5000- 
150,000 gal. 

A well-known extended-aeration process is the closed-loop reactor, or oxidation 
ditch, aerated and mixed by horizontal rotors, as illustrated in Fig. 12.36. The modern 
reactor is an elongated oval with vertical walls and a center dividing wall; earlier ditches 
had sloping side walls with a center island. In reactor design, the wastewater depth is up 
to 16 ft with 2-ft freeboard, and channel width is up to 31 ft, with the horizontal rotors 
spanning the full width of the channel. The flow diagram in Fig. 12.36(a) shows paraUel 
operation of two reactors, which can be changed to series operation by adjusting slide 
gates. Also, if one reactor is to be taken out of service temporarily for inspection, opera¬ 
tion of the plant can continue, although at higher volumetric loading. 



(b) * (d) 

Figure 12.36 Closed-loop reactor (oxidation ditch) process, (a) Flow diagram of 
parallel operation of two reactors and clarifiers. Series operation is possible by 
closing two slide gates and the overflow gate of one reactor and opening the gate 
between ditches, (b) The horizontal rotor for aeration and moving the mixed liquor 
around the ditch, (c) Rotor operation showing aeration and mixing, (d) Rotor cover to 
contain spray and reduce icing in a cold climate. (Courtesy of Lakeside Equipment 
Corporation.) 
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Dimensions of the reactor must conform to design criteria established by the manu¬ 
facturer of the horizontal rotors. For example, for the horizontal rotor with individual 
blades illustrated in Fig. 12.36(b) (Lakeside’s Magna Rotor), the maximum liquid depth 
of channel is 16 ft, rotor diameter is 42 in. with minimum design immersion of 
5 in., and available length is 5-30 ft. Manufacturers also provide design data on 
rate of oxygen transfer and installation requirements. As pictured, rotor covers are avail¬ 
able to contain spray and to reduce cooling of the mixed liquor in low-temperature 
operation. 

The Carrousel® system, similar in operation to an oxidation ditch, is a deep closed- 
loop aeration tank with vertical walls, as shown in the aerial view in Fig. 12.37. How¬ 
ever, in contrast, the aerators are vertical-shaft inverted open cones suspended from 
platforms constructed over the ends of the aeration channel. When treating unsettled 
municipal wastewater, the aeration period is generally 24 hr and the operating food/ 
microorganism ratio less than 0.10 lb BOD/day/lb MLSS to operate at a long sludge 
age. Under these conditions with a warm mixed liquor, viable populations of nitrifying 
bacteria can be maintained in the activated sludge for nitrification. 

The extended-aeration process can also be performed in a rectangular aeration tank 
aerated and mixed by mechanical aerators mounted on platforms supported by columns, 
as pictured in Fig. 12.38. In order to have complete mixing, the length of the aeration 
tank is usually no greater than twice the width, with either two or four aerators. Me¬ 
chanical aeration is often preferred to diffused aeration when the climate is sufficiently 
warm to prevent excessive cooling of the mixed liquor. 


■ EXAMPLE 1 2 . 1 2 Determine a preliminary layout for a closed-loop-reactor plant to 
treat an unsettled wastewater flow of 240,000 gpd (32,100 ftVd) with 400 lb of BOD 
(200 mg/1), (a) Calculate the dimensions for two oval closed-loop reactors with vertical 
walls, assuming a liquid depth of 5.0 ft. (b) Calculate the dimensions for two circular 
final clarifiers, (c) If the proposed minimum operating MLSS is 3000 mg/1, what is the 
operating F/M? 

Solution: Use a layout of two reactors, as shown in Fig. 12.36. For a typic^ domestic 
wastewater with a BOD of 200 mg/1, assume a design aeration period of 24 hr. 

1* V (each reactor) = 120,000 gal = 16,000 ft^ 

Assuming a liquid depth of 5.0 ft and channel width of 12 ft, each aeration tank 
would be 24 ft wide, with a straight length of 92 ft and total length, including circular 
ends, of 115 ft. Based on these dimensions, two 15-ft horizontal rotors could be installed 
in each tank. 

The width and depth of the channel have to be confirmed by the manufacturer s 
recommendations for the installation of horizontal rotors for adequate aeration and ve¬ 
locity of flow in the channel. The rate of oxygen transfer must consider oxygen demand 
for both carbonaceous organic matter and nitrification. Because of the long sludge age, 
unintentional nitrification may occur, particularly in a warm mixed liquor. 



(b) (c) 

Fi^re 12.37 Aerial view of a Carrousel® activated-sludge plant, (a) Aeration ana 
mixing is in oval serpentine aeration tanks with vertical walls followed by clarifiers 

separation and return of activated sludge, (b) Low-speed vertical-shaft aerators are 

supported from a platform holding the drive motors and gear boxes, (c) Colunin- 
supported clarifier mechanisms have uptake pipes for rapid return of activated 
sludge. (Courtesy of EIMCO Process Equipment.) 
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Figure 12.38 Platform-mounted low-speed mechanical aerator vyith an inverted 
open cone for high oxygen-transfer efficiency in an extended-aeration activated- 
sludge process. (Courtesy of EIMCO Process Equipment.} 


2. Use an overflow rate of 400 gpd/ft^ and side-water depth of 10 ft to size two 
circular clarifiers. 


surface area = 


detention time = 


2 4 0^0 0 ^ (diameter = 20 ft) 

2 X 400 

300X 10 X24 ,^^^^ 

32,100/2 


3. 


F/M 


400- 

3000 X 0.24 X 8.34 


0.06 lb BOD/day/lb of MLSS 


High-Purity-Oxygen Activated-Sludge Process 

This process uses oxygen gas generated by cryogenic air separation or pressure 
adsorption processes. A typical aeration tank, shown schematically in Fig. • > is 
divided into three or four stages by means of baffles to stimulate plug flow and is covere 
with a gas-tight enclosure. Raw wastewater, return activated sludge, and oxygen gas 
under a slight pressure are introduced to the first stage and flow concurrentiy throug 

















582 CHAPTER 12 Biological Treatment Processes 



Figure 12.39 Schematic diagram of a high-purity-oxygen activated-sludge 
process with surface aerators in three stages. (Courtesy of UNOX System, 
Lotepro Corp.) 


succeeding sections. Oxygen can be mixed with the tank contents by injection through 
a hollow shaft to a rotating sparger device, or a surface aerator installed on top of the 
mixer turbine shaft to contact oxygen gas with the mixed liquor. Successive aeration 
chambers are connected to each other so that the liquid flows through submerged ports, 
and head gases pass freely from one stage to the next with only a slight pressure drop. 
Exhausted waste gas is a mixture of carbon dioxide, nitrogen, and about 10%-20% of 
the applied oxygen. Effluent mixed liquor is settled in either a scraper-type or rapid- 
sludge-return clarifier, and the activated sludge is returned to the aeration tank. 

Compared to air activated-sludge processes, high-purity-oxygen activated sludge 
has several advantages that are attributed to its higher oxygenation capacity [16]. If all 
of the nitrogen in air is displaced by oxygen, the partial pressure of oxygen is 100%, 
resulting in a fivefold increase in the saturation value of dissolved oxygen in water. High 
efficiency is possible at increased BOD loads and reduced aeration periods by maintain¬ 
ing the food/microorganism ratio with MLSS concentrations of 4000-8000 mg/1. Even 
though the process simulates plug flow, shock organic loads do not produce instability, 
since extra oxygen is supplied to the first stage automatically on demand. Emission of 
foul odors is virtually eliminated because of the highly aerobic environment and reduced 
volume of exhaust gases. Covered tanks also help to reduce the cooling of the waste- 
water during cold-weather operation. 

■ EXAMPLE 12.13 A municipality has an average daily wastewater flow of 280 gpm 
with a peak hourly rate of450 gpm. The average BOD concentration is 200 mg/1, except 
during several weeks when a seasonal industry increases the mean BOD to 250 mg/1- 
A high-purity-oxygen system as in Fig. 12.39 without primary clarification of the raw 
wastewater is being considered. Calculate (a) the volume of aeration tank capacity 
required, and (b) surface area and depth for a final settling tank. Recommended design 
criteria are a maximum BOD loading of 160 lb/1000 ftVday, a largest food/micro¬ 
organism ratio of 0.5 lb of BOD/day/lb of MLVSS, an operating MLSS concentration 
of 5500 mg/1 (MLVSS of4200 mg/1), and a highest overflow rate of 1200 gpd/fF during 
peak flow. 
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Solution: 

I aeration tank volume \ _ 280 X 1440 X 250 X 8.34 _ 

\required at 250 mg/1 of BOD/ 1,000,000 X 0.160 

/ aeration period\ ^ 5250 X 7.48 X 24 ^ ^ ^ 

at average flow/ 280 X 1440 

/ BOD load at \ 280 X 1440 X 200 X 8.34 

\200 mg/1 of BOD ) 1,000,000 X 5.25 

= 128 lb /1000 ftVday (OK) 

Check the F/M ratio for both BOD loadings (128 and 160 lb/1000 ft^/day) at an 
MLVSS concentration of 4200 mg/1. 


1281bofBOD/day F_ 128/1000 IbofBOD/day 

1000 ft' 'M 4200 X 62.4 lb of MLVSS 

1,000,000 

160 lb of BOD/day , F _ _l60A0g0_ ^ g,^er than 0.5) 

1000 ft’ ■ M 4200 X 62.4 

1 , 000,000 


2 . 


Therefore, use a three-stage aeration basin with a total volume of 5250 fF. 
/ final clarifier surface area \ _ 450 X 1440 _ 


yrequired based on peak flow/ 1200 


280 X 1440 _ 

overflow rate at average flow - rrr gpo/ii 


Assume the additional final clarifier design parameters of 8.0 ft minimum 
depth and 2.5 hr as the minimum detention time. Then the clarifier depth re¬ 
quired for an overflow rate of 747 gpd/fF is 


depth = 


747 gal 

-®— X 

day X ft^ 


ft-' 

7.48 gal 


X 2.5 hr X 


10.4 ft 

24 hr 


12.22 Kinetics Modei of the Activated-Sludge Process 

The principles of growth kinetics from pure culture microbiology can be applied in 
suspended-growth wastewater treatment even though the processes differ signi can y 
in relation to the method of growth (batch as compared to continuous flow), t^cro i 
population (pure culture as opposed to mixed culture), and substrate content (um orm 
as opposed to a variety of organics). The shape of the wastewater processing ci^e in 
Fig. 12.9 is similar to Monod’s growth rate curve (Fig. 12.6) and the Michae is en en 
rate curve for an enzyme-catalyzed reaction (Fig. 12.4). When plotted against su s a e 
concentration, the reaction rates of enzyme, pure culture, and mixed cu toe reac ions 
all follow the shape of a rectangular hyperbola where the substrate at one a e max 
mum reaction rate is a characteristic constant of the reaction. 
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The following mathematical equations apply to completely mixed activated-sludge 
systems operating in a substrate-limiting condition, i.e,, at a low F/M ratio. The funda¬ 
mental relationships of growth kinetics used in the derivation of these equations are 
presented in Section 12.6. 

The flow scheme for a completely mixed activated-sludge process is shown in 
Fig. 12.40, 



Figure 12.40 Flow scheme for the completely mixed activated-sludge system 
used in the derivation of the kinetics equations. 


where 

Q = rate of influent flow 

= rate of excess sludge wasting from aeration tank 
Q — Qy, — rate of effluent flow 

R = recirculation ratio {QrIQ) 

RQ = rate of sludge recirculation 
Qil + R) = rate of flow from aeration tank 
V = volume of aeration tank 

X = concentration of biomass in aeration tank (MLVSS) 

Xk = concentration of biomass in recirculating sludge (VSS) 

X, = concentration of biomass in effluent (VSS) 

So = concentration of substrate in influent flow (soluble BOD or COD) 

S, = concentration of substrate in effluent flow, recirculating sludge, 
and aeration tank (soluble BOD or COD) 

The following conditions are assumed in the formulation of the mass balance 
equations: 

1. Flows, biomass concentrations, and substrate concentrations are in a steady state. 

2. All substrates are soluble (filtered BOD or COD). 

3. The substrate concentration in the aeration tank equals the substrate concentration 
in the effluent after treatment. 

4. Biological activity occurs only in the aeration tank. 

5. No microorganisms are present in the influent wastewater. 

6 . The mean cell residence time is calculated based on the biomass in the aera¬ 
tion tank. 

7. Excess activated sludge is wasted from the aeration tank rather than from the 
sludge recirculation line. 

8. The aeration tank is complete mixing. 
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The aeration period (liquid detention time) is defined as 

» = ^ (12.61) 

where 

6 = aeration period, time 

The mean cell residence time (sludge age) is the biomass (MLVSS) in the aeration 
tank divided by the sum of the biomasses in the waste sludge and effluent. 


where 


Be 


_ VX _ 

Q.X + (!2 - Q^)X, 


6c = mean cell residence time, time 


(12.62) 


The definition of specific growth rate /j, from Eq. (12.24) is the rate of growth per 
unit of biomass (time"^). The inverse of is the biomass divided by the rate of growth, 
XI{dXldt)g. Therefore, under steady-state conditions, the mean cell residence time is 


0c = 


X 

(dXIdt), 




(12.6S) 


A mass balance for biomass around the entire activated-sludge system shown in 
Fig. 12.40 is 

/ net rate of change | / net rate of growth ) _ ( rate of loss \ 

\of biomass in system J y of biomass in system J \ of biomass from systemy 

Using the notation in Fig. 12.40, 

{~J V = V - [Q,X + (2 - S.)X,1 (12.64) 

At steady state, the rate of biomass growth equals the rate of biomass loss; hence, 
{dX/dt)V = 0. Setting Eq. (12.64) equal to zero and substituting the endogenous rate of 
growth from Eq. (12.32) for (dX/dt), yields 


J_ _ (dS/dt) 
Bc~ X 


(12.65) 


Lawrence and McCarty [17] related the rate of substrate utilization both to the con¬ 
centration of microorganisms in the aeration tank and to the concentration of substrate 
surrounding the organisms. The equation is 


where 


^ XSc 

\ dt 4 Ks + Sc 


( 12 . 66 ) 


^ = maximum rate of substrate utilization per unit mass of biomass, time” ‘ 

X = concentration of biomass, mass/unit volume 

S = concentration of substrate surrounding the microorganisms, mass/unit volume 
= saturation constant, equal to the substrate concentration when {dSldt)^ — kl2, 
mass/unit volume 
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Substrate concentration S, 


Figure 12.41 Specific substrate utilization 
rate versus substrate concentration 
surrounding the microorganisms based on 
Eq. (12.66). 


Equation (12.66), graphed in Fig. 12.41, indicates that the functional relationship 
between sqbstrate utilization rate and substrate concentration is continuous over the 
entire range of substrate concentrations. It is similar in form to Eq. (12.29), with!: 
replacing fxJY. 

Substituting Eq. (12.66) into Eq. (12.65) incorporates the term S^, 


]_ 

d. 


kS,. 


Ks + 5,. 


- K 


(12.67) 


Rearranging, the formula for 5,. (effluent substrate concentration) is 


5 .. 


/^v(l + M.) 


( 12 . 68 ) 


e^Yk - kj) - 1 

The specific substrate utilization rate is defined as the substrate utilization rate di¬ 
vided by the concentration of biomass in the aeration tank. Hence, 

idSIdt), 


U = 


(12.69) 


where 


U = specific substrate utilization rate, time'' 

It can be calculated from experimental data using the following formula: 

Tj = Q(‘^o ~ ■S'f) _ So ~ Sf (12.70) 

vx ~ ex 

Substituting the mathematical expression for specific substrate utilization rate 
[Eq. (12.69)] into Eq. (12.65) gives the relationship 


j-yu-k. 


(12.71) 


where 


9c = mean cell residence time, time 

Y = growth yield, biomass increase-substrate metabolized, unitless 
U = specific substrate utilization rate, time'* 
kd = microbial decay coefficient, time"' 
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A mass balance for substrate entering and leaving the aeration tank, as diagrammed 
in Fig. 12.40, is 

^^net rate of changeX /rate of substrateX /rate of substrateX 
of substrate j = ( entering 1 — I utilization | 
aeration tank / \ in aeration tank/ 


in aeration tank / 


Using the notation in Fig. 12.40, 
'dS 


dt 


rate of substrateX 
leaving 1 
aeration tank / 


dS\ 


+ RQS, - I j - *2(1 + R)Se 


(12.72) 


At steady state, the rate of substrate entering the aeration tank equals the rate of 
substrate removal; hence, {dSldt)V = 0. Setting Eq. (12.72) equal to zero and solving 
for the substrate utilization rate results in 


/^X ^ QjSo - ^ 5o-.y, 

\dtl V e 

Dividing both sides by X, Eq. (12.73) becomes 

{dSldt\ Q(5o - 
X XV 


(12.73) 


(12.74) 


Substituting this expression for specific substrate utilization into Eq. (12.65) and re¬ 
arranging, the equation for V (volume of the aeration tank) is 


ejQjS, - 
X(1 


(12.75) 


Equating the terms for {dS/dt)^ from Eqs. (12.73) and (12.66), and dividing by X 
yields 


■Sq ^ S 

ex ~ Ks + s 

By inverting and linearizing Eq. (12.76), 



Substituting Eq. (12.70) for the left side of Eq. (12.77) gives 



where 


(12.76) 


(12.77) 


(12.78) 


U = specific substrate utilization rate, time"' 

Ks = saturation constant, mass/unit volume 

k = maximum rate of substrate utilization per unit mass of biomass, time"* 
Se = concentration of substrate in effluent, mass/unit volume 
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This presentation was limited to the kinetics model for completely mixed activated 
sludge. For a more detailed mathematical analysis of this system and discussions of 
models for other biological processes, the reader is referred to books by Benefield and 
Randall [18] and Grady and Lim [19]. 

12.23 Laboratory Determination of Kinetic Constants 

The numerical values for the following kinetic constants must be determined by labo¬ 
ratory experiments before the model described in Section 12.22 can be used for design 
of completely mixed activated sludge: 

y = growth yield, mg VSS/mg BOD (or mg COD) 
kj = microbial decay coefficient, d ' 

Ks — saturation constant, mg/1 of BOD (or COD) 
k = maximum rate of substrate utilization per unit mass of biomass, d“' 

For desigp, additional required data include settling characteristics of the activated 
sludge and oxygen uptake rates during aeration of the wastewater. 

A bench-scale activated-sludge unit as illustrated in Fig. 12.42 is commonly used 
for laboratory evaluations. Operating conditions are the same as those assumed in the 
derivation of the mass balance equations, which are listed at the beginning of Sec¬ 
tion 12.22. Essential for satisfactory results are a continuous influent flow rate with a 
constant substrate concentration and complete mixing in the aeration tank. To collect 
sufficient data, the unit is operated at several mean cell residence times in the range of 
3-20 days. Wasting the same quantity of suspended solids from the aeration tank main¬ 
tains a constant 0,, concentration of MLVSS, and F/M ratio. Ideally, the waste activated 
sludge is pumped out continuously; however, withdrawing batches of mixed liquorfrora 


Sludge wasting 



Aeration chamber 

Figure 12.42 Bench-scale, continuous-flow, activated-sludge unit for 
laboratory testing of wastewater to determine kinetic constants. 
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the aeration tank at uniform time intervals may be practiced. Settleability of the acti¬ 
vated sludge is tested by withdrawing a sample of the aerating mixed liquor and placing 
it in a settleometer; it may then be replaced or discarded as waste sludge. The length of 
time required for a test period, after steady-state conditions are established, is at least 
twice the mean cell residence time, with four residence times preferred. Temperature, 
pH, and dissolved oxygen concentration are held constant throughout the series of 
test runs. 

Laboratory tests and operating conditions are generally recorded daily. The data 
required for calculating the operating parameters are as follows; 

Q — rate of influent flow, 1/d 

= rate of sludge wasting, l/d 

Q- rate of effluent flow, 1/d 

V = volume of aeration tank, 1 

X — concentration of MLVSS in the aeration tank, mg/1 

X^ = concentration of VSS in effluent, mg/1 

So — soluble BOD (or COD) in influent, mg/1 

Sc = soluble BOD (or COD) in effluent, mg/1 

From these data, the aeration period 6 is calculated using Eq. (12.61), the specific 
substrate utilization rate U is calculated from Eq. (12.70), and the mean cell residence 
timefl, from Eq. (12.62). 

Values of \/d, and U for each test period are plotted as shown in Fig. 12.43. Based 
onEq. (12.71), the slope of the line is equal to the growth yield Y and the intercept with 
vertical axis is the microbial decay coefficient kj. 

A plot of \/U and 1/5,, for each test period is shown in Fig. 12.44. Based on 
Eq. (12.78), the slope of the line is equal to the saturation constant over the maximum 
rate of substrate utilization per unit mass of biomass Ks/k, and the intercept with the 
vertical axis is equal to \/k. 



Figure 12.43 Plot of the inverse of the mean 
cell residence time versus the specific 
substrate utilization rate to determine Y and kd 
based on Eq. (1 2.71). 
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Figure 12.44 Plotof the inverse of the 
specific substrate utilization rate versus 
the inverse of concentration of substrate 
in the effluent to determine k and Ks 
based on Eq. (12.78] 


The general range of values for kinetic constants for completely mixed activated 
sludge treating municipal wastewaters is listed in Table 12.5. 

■ EXAMPLE 12.14 A municipal wastewater was tested to determine the kinetic con- | 
stants using a laboratory apparatus similar to the bench-scale unit shown in Fig. 12.42. | 
The volume of the aeration chamber was 10 1. Wastewater feed was established at a j 
constant rate of 34.3 1/d to provide a 7.0-hr aeration period for all of the test runs. A 
measured volume of sludge was wasted once a day from the tank. Determine the values 
for y, ka, k, and Ks from the following laboratory data. 


Q 

a/d) 

So 

(mg/1) 

Q. 

(1/d) 

X 

(mg/1) 

5. 

(mg/1) 

X, 

(mg/1) 

34.3 

126 

0.25 

1730 

5.2 

9.4 

34.3 

126 

0.35 

1500 

7.3 

8.0 

34.3 

126 

0.80 

968 

10.5 

8.4 

34.3 

126 

0.90 

848 

11.5 

7.9 


Table 12.5 General Ranges of Magnitude for Kinetic 
Constants for Completely Mixed Activated-Sludge Processes 
Treating Municipal Wastewater at Approximately 20° C 


CONSTANT 

UNITS 

RANGE 

Y 

mg VSS/mg BOD 

0.4-0.8 

Y 

mg VSS/mgCOD 

0.3-0.4 

k. 

d-' 

0.04-0.08 

Ks 

mg/1 of BOD 

25-100 

Ks 

mg/1 of COD 

25-100 

k 

d-‘ 

4-8 
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Solution: The following calculations are for the first test period. Using Eq. (12.62), 

10 1 X 1730 mg/1 


0.25 1/d X 1730 mg/1 + (34.3 1/d - 0.25 l/d)9.4 mg/1 
The biomass growth rate per liter of aeration tank volume is 
dX\ Q^X + (Q - Q. )Xe 


= 23d 


dt 


V 


dx\ 0.25 1/d X 1730 mg/1 + (34.3 1/d - 0.25 l/d)9.4 mg/1 


dtL 101 

Checking the 6, by Eq. (12.63) gives 

^ 1730 mg/1 

^ = 23 d 
75 mg/1 

The soluble BOD utilization rate using Eq. (12.73) is 

'dS\ (34.3 l/d)(126 mg/1 - 5.2 mg/1) 


= 75mg/l*dofVSS 


dt L 101 

The specific substrate utilization rate as defined by Eq. (12.69) is 

414 mg/l’d 


= 414 mg/l*d 


U = 


= 0.24 d- 


1730 mg/1 

The following values are calculated for plotting the data: 
I 1 


e, 23 d 
1 1 


U 0.24 d-‘ 


= 0.043 d-' 

= 4.2d 


1 


1 


= 0.19 (mg/1)' 


Se 5.2 mg/1 

The calculated data for all of the test runs are listed in Table 12.6. 


Table 12.6 Data Calculated for Example 12.14 and Plotted in Figs. 12.45 and 
J ^-^6 to Determine Kinetic Constants _ 



(-1 

dS\ 





8, 



U 

i/e. 

MU 

1/S, 

.(d) 

(mg/l-d) 

(mg/l-d) 

(d-') 

(d-) 

(d) 

[tmg/1)-' 

23 

75 

414 

0.24 

0.0444 

4.2 

0.19 

19 

80 

407 

0.27 

0.053 

3.7 

0.14 

9.2 

106 

396 

0.41 

0.11 

2.4 

0.095 

8.3 

103 

392 

0.46 

0.12 

2.2 

0.087 
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Figure 12.45 Plot of MB, versus U to 
determine / and for Example 12,14. 



Figure 12.46 Plot of 1/L/versus 1/S,, to 
determine A and Ks for Example 12.14. 


The plot in Fig. 12.45 is to determine the values of Y and kj. From th6 slope of the 
line, the growth yield Y = 0.35 mg VSS/mg BOD. The intercept on the vertical axis is 
a microbial decay coefficient of = 0.04 d' ‘ 

The plot in Fig. 12.46 is to determine the values of k and A's. The intercept on the 
vertical axis is at 1/A = 0.25 d; therefore, the maximum rate of substrate utilization per 
unit mass of biomass A is 4.0 d"‘. The slope of the line K^/k is 22.5; hence, 

Ks = 22.5 d- mg/1 X 4.0 d-' = 90 mg/1 of BOD ■ 

12.24 Application of the Kinetics Model in Process Design 

The equations developed in Section 12.22 can be applied in the design of a completely 
mixed activated-sludge process based on kinetic constants determined by laboratory 
testing. Since the model is based on steady-state conditions that do not exist in full-scale 
systems, the selection of design parameters such as the mean cell residence time must 
account for the diurnal and random variations in wastewater loadings. Allowances must 
also be made for characteristics of the actual wastewater not.taken into consideration in 
the theoretical equations. Rather than consisting solely of a soluble substrate, municipal 
wastewater contains suspended solids and an abundance of biological organisms. For 
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example, the BOD of a treatment plant effluent includes oxygen demand from both the 
soluble organic matter and the volatile suspended solids. During the laboratory evalua¬ 
tion of wastewater treatability, both total BOD and filtered BOD analyses can be per¬ 
formed on the effluent from the bench-scale unit to correlate total and soluble substrate. 
Also, an evaluation of sludge settleability is necessary to establish design criteria for the 
final clarifier to ensure good gravity separation of the biological suspended solids. 

The first step in process design is to select the desired concentration of effluent 
soluble BOD based on the allowable total effluent BOD and the anticipated performance 
in final clarification. Soluble BOD removal efficiency of the system is calculated by the 
following formula: 


where 


E = 


(Sn - 5,) 100 


E = efficiency of soluble BOD removal, % 

5() = influent soluble BOD concentration, mg/1 
= effluent soluble BOD concentration, mg/1 


( 12 . 79 ) 


The recommended loading criterion for completely mixed activated sludge is the 
mean cell residence time defined by Eq. (12.62): 


where 


‘ Q. X + {0- 0 JX, 

6, = mean cell residence time, d 
V = volume of aeration tank, m’ 

Q = influent wastewater flow, mVd 
0„ = rate of excess sludge wasting, mVd 
X - concentration of MLVSS in aeration tank, mg/1 
X, = concentration of VSS in effluent, mg/1 


A completely mixed activated-sludge process with an aeration period of 5-7 hr has 
a short 6^ of 3-5 d during the period of peak diurnal flow and is likely to exceed the 
effluent standards of 30 mg/1 of total BOD and 30 mg/1 of suspended solids. Under 
dispersed plug flow in long tanks (step aeration and conventional aeration), 6^ is in the 
range of 5-15 d and can provide a process efficiency resulting in an effluent of satis¬ 
factory uniform quality. A completely mixed extended-aeration process produces a 
high-quality effluent because of the long aeration period of 20-30 hr and of 20+ d. 
Selection of the mean cell residence time in design takes into consideration such factors 
as process efficiency, treatment reliability, and load variations. 

Another common loading criterion is the food /microorganism ratio (F/M), which 
is defined for the kinetics model as 


where 


F/M = 


VX 


ex 


( 12 . 80 ) 


F/M — food/microorganism ratio, g/d of soluble BOD applied per g of MLVSS 
in the aeration tank 
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Rearranging Eq. (12.70) allows one to express the specific substrate utilization 
•ate as 


qSq _ Si) Sf 
vx ~ So 


( 12 . 81 ) 


Then substituting the appropriate terms from Eqs, (12.79) and (12.80) gives a relation¬ 
ship between the food/microorganism ratio and the specific substrate utilization rate: 


(F/M)£: 

100 


(12.82) 


Replacing U in Eq. (12.71) with Eq. (12.82) relates 6, and F/M such that 


where 


1 ^ y(F/M)£ 
d, ~ 100 


-K 


(12.83) 


6, - mean cell residence time, d 
Y = growth yield, unitless 

F/M = food/microorganism ratio, g/d of soluble BOD per g of MLVSS 
E - soluble BOD removal, % 
kd = microbial decay coefficient, d"' 


After establishing the desired effluent quality 5, and mean cell residence time 
or the F/M, the required aeration tank volume can be calculated from Eq. (12.75): 


X{\ +kde,) 

The choice of design flow Q and soluble influent BOD So depends on the anticipated 
flow and strength variations, as discussed in Sections 12.10 and 12.11. Values of Y and 
kd are determined from laboratory testing. Thus, the only remaining design parameter is 
X, the mixed-liquor volatile suspended solids to be maintained in the aeration tank. 

Selection of an MLVSS concentration is based on a number of considerations, the 
most important of which are (1) the ability of the final clarifier to provide gravity 5 .epa- 
ration of the activated-sludge suspended solids and (2) the oxygen transfer capacity pf 
the aeration system. At a low design MLVSS the aeration period is long, resulting ii} 9 n 
extended process time. A concentration of MLVSS that is too high produces a process 
characterized by poor soluble BOD removal efficiency and high suspended-solids COP' 
centration in the effluent, resulting from the limited aeration period and poorsettleahllity 
of the microbial floe. In general, conventional secondary activated-sludge systems pro* 
cessing municipal wastewaters operate in the MLSS range of 1500-3000 rag/1 with 
70%-80% being volatile solids. In a typical design, therefore, the optimum MLVSS is 
within the range of 1200-2400 mg/1. 

Waste sludge production in terms of volatile solids can be calculated based on the 
kinetics model. The observed growth yield i^bs, as defined in Eq. (12.34), can be ob¬ 
tained by first substituting Eq. (12.32) for (dX/dt)^'^ in the numerator and then replacing 
(dSIdt)^ with UX from Eq. (12.69); 
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tlie ifel^tionship from Eq, (12.71) for U in Eq. (12.84) gives 


1 + dckd 


(12.85) 


wher« 

l^obs ” observed growth yield, g of MLVSS/g of soluble BOD 

Using this equation, Lawrence and McCarty [17] expressed the production of excess 
biomass in the waste-activated sludge as 


where 


_ YQiSo - 5 ,) 

1 + 6ckd 

= volatile solids in waste sludge, g/d 


( 12 . 86 ) 


■ EXAMPLE 12.15 A completely mixed activated-sludge process is being designed for 
a wastewater flow of 10,000 m^/d (2.64 mgd) using the kinetics equations. The influent 
BOD of 120 mg/1 is essentially all soluble and the design effluent soluble BOD is 7 mg/1, 
which is based on a total effluent BOD of 20 mg/1. For sizing the aeration tank, the mean 
cell residence time is selected to be 10 d and the MLVSS 2000 mg/l. The kinetic con¬ 
stants from a bench-scale treatability study are as follows: T = 0.60 mg VSS/mg BOD, 
ki = 0.06 d-‘, Ks = 60 mg/l of BOD, and k = 5.0 d''. 

Solution: From Eq. (12.79), the required soluble BOD efficiency is 

(120 - 7 ) 100 ^^^^^ 

120 

Rearranging Eq. (12,83), one obtains the food /microorganism ratio for 0 , = 10 d and 
E = 94%: 

(W, + k,)100 (1/10 + 0.06)100 „,„ g of soluble BOD 

F/M«- - -= 0.60 X 94 g of MLVSS 

The volume of the aeration tank, based on Eq. (12.75), is 


y _ 10 X 0-60 X 10,000(120 _ 7) _ ^3 ^74 gQg ft^) 

2000(1 + 0.06 X 10) 


2100 X 24 

10,000 


5.0 hr 


From Eq. (12.68), the soluble BOD is 

60(1 + 0.06 X 10) 

" 10(0.60 X 5.0 - 0.06) - 1 

From Eq. (12.86), the excess volatile solids in the waste sludge are 

_ 0.60 X 10,000(120 - 7) _ qoo g/d = 420 kg/d 
1 + 10 X 0.06 
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12.25 Oxygen Transfer and Oxygenation Requirements 

In activated-sludge processes, oxygen is supplied to the microorganisms by dispersing 
air into the mixed liquor by either diffused-air or mechanical surface aeration. Diffused- 
air systems use a variety of fine- and coarse-bubble diffusers. The two kinds of mechani¬ 
cal aerators, differentiated by the plane of rotation, are horizontal rotors and impellers 
mounted on vertical shafts. 

The commonly accepted oxygen transfer scheme is diagrammed in Fig. 12.47. 
Oxygen is dissolved in solution and then extracted from solution by the biological cells. 
Direct oxygen transfer from bubble to cell is possible if the microorganisms are ad¬ 
sorbed on the bubble surface. Bennett and Kempe [201 demonstrated direct oxygen 
transfer in a laboratory fermenter using a culture of Pseudomonas ovalis converting 
glucose to gluconic acid. The extent of direct oxygen transfer in activated-sludge sys¬ 
tems is not known; however, it is generally felt to be secondary to oxygen transfer 
through the intermediate dissolved-oxygen phase. 

The rate of oxygen transfer from air bubbles to dissolved oxygen in an aeration tank 
is expressed as 

^ = aKiaipC,- C,) (12.87) 

at 

where 

dcfdt = rate of oxygen transfer, mg/I/hr 

a = oxygen transfer coefficient of the wastewater 
)3 = oxygen saturation coefficient of the wastewater 
KlO = oxygen transfer coefficient, hr ‘ 

C, = oxygen concentration at saturation, mg/1 
C, = oxygen concentration in the liquid, mg/1 
/3Cj — C, = dissolved-oxygen deficit, mg/1 

Equation (12.87) without the a and fS coefficients applies to clean water. The factors 
a and /3 depend on the characteristics of the wastewater being aerated, primarily the 
concentration of dissolved solids; K^a depends on the temperature and the aeration sys¬ 
tem features, such as the type of diffuser, depth of aerator, type of mixer, and tank 
geometry. In general, the rate of oxygen transfer increases with decreasing bubble size. 



Liquid film 


Dissolved 

oxygen 


Biological cell 


Oxygen utilization 



Figure 12.47 Schematic diagram of oxygen transfer in activated 
sludge. 
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longer contact time, and added turbulence. Methods for determining the coefficients 
Kifl, a, and p are discussed in Section 12.26. 

The rate of dissolved-oxygen utilization by microorganisms in an activated-sludge 
system can be determined by placing a sample of mixed liquor in a closed container and 
measuring the dissolved-oxygen depletion with respect to time. The slope of the resul¬ 
tant curve r is the oxygen utilization rate. Figure 12.48 is a dissolved-oxygen depletion 
curve for a mixed liquor from a high-rate activated-sludge aeration tank. The r value 
depends on the microorganisms’ ability to metabolize the waste organics based on such 
factors as the food/microorganism ratio, mixing conditions, and temperature. A general 
range for r in the mixed liquor of conventional and high-rate activated-sludge systems 
is 30-100 mg/l/hr. 

Under steady-state conditions of oxygen transfer in an activated-sludge system, the 
rate of oxygen transfer to dissolved oxygen {dc/dt) is equal to the rate of oxygen utili¬ 
zation (r). Substituting r in Eq. (12.87) for dc/dt and rearranging yields the following 
relationship: 


aKi.a = 


r 

ySC, - C, 


( 12 . 88 ) 


where 

r — oxygen utilization rate by microorganisms in activated sludge, mg^l/hr 

The rate of aerobic microbial metabolism is independent of the dissolved-oxygen 
concentration above a critical (minimum) value. Below the critical value, the rate is 
reduced by the limitation of oxygen required for respiration. Critical dissolved-oxygen 

















\ 

% 













\ 

% 

s 












\ 

% 

\ 

\ 

\ 









— 


— 

— 

-1 

-1 

= 78 1 

ng/l/hr 










-T— 
\ 

\ 












' I"" 

\ 

> 

\ 













\ 

\ 

\ 

\ 















■ 




Time (min) 


Figure 12.48 Oxygen utilization curve for a sample of mixed liquorfrom 
high-rate activated-sludge aeration basin. 
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concentrations reported in the literature for activated-sludge systems range from 0.2 to 
2.0 mg/1, depending on the type of activated-sludge process and characteristics of the 
wastewater. The most frequently referenced critical dissolved-oxygen value for conven¬ 
tional and high-rate aeration basins is 0.5 mg/1. 

The aerator power required to satisfy microbial oxygen demand and to proyide 
adequate mixing in an aeration tank depends on the type of activated-sludge process, 
BOD loading, and oxygen transfer efficiency of the aeration equipment. In the desip 
of any activated-sludge system, the power requirements should be based on proven per¬ 
formance of the aeration equipment. The capacity of the aeration equipment must fur¬ 
nish sufficient air to meet peak BOD loads without the dissolved-oxygen concentration 
dropping below the critical level for aerobic metabolism. 

Aeration systems are compared on the basis of mass of gaseous oxygen transferred 
to dissolved oxygen per unit of energy expended, pounds of oxygen per horsepower- 
hour (kilogram per kilowatt-hour). Oxygen transfer efficiency is expressed as the per¬ 
centage of the mass of oxygen dissolved in the water relative to the applied mass of 
gaseous oxygen. For the purpose of comparison, the values specified for efficiency are 
based on operation in clean water with zero dissolved-oxygen concentration and stan¬ 
dard conditions of 20*0 and 1 atm pressure. Table 12.7 lists oxygen transfer efficiencies 
and oxygen transfer rates for different kinds of aeration systems. Of course, the selection 
of an aeration system in process design must also consider other factors, including the 
flexibility and reliability of operation, effective mixing, and the maintenance of equip¬ 
ment. An economic analysis encompasses capital, operation, and maintenance costs. 

The amount of dissolved oxygen needed for treatment of a wastewater depends on 
the carbonaceous and nitrogenous oxygen demands that are satisfied. For biological 
oxidation of carbonaceous matter, the oxygen requirement varies from approximately 
0.8 to 1.6 times the BOD of the applied wastewater for a corresponding food/micro- 


Table 12.7 Oxygen Transfer Data for Air Aeration Systems in Clean Water at 
15-Ft Submergence 


SYSTEM 

OXYGEN 

TRANSFER 

EFFICIENCY 

(%) 

OXYGEN 

TRANSFER 

RATE 

(Ib/hp-hr)" 

Fine-bubble diffusers, total floor coverage 

20-32'' 

4.0-6.5 

Fine-bubble diffusers, side-wall installation 

11-15" 

2.2-3.0 

Jet aerators (fine bubble) 

22-27" 

4.0-5.0 

Static aerators (medium-sized bubble) 

12-14" 

2.3-2.8 

Mechanical surface aerators 

_ 

2.5-3.5‘ 

Coarse-bubble diffusers, wide-band pattern 

6-8- 

1.2-1.6 

Coarse-bubble diffusers, narrow-band pattern 

4-6‘ 

0.8-1.2 


Source. Proceedings, Workshop Toward an Oxygen Transfer Standard, Environmental Protection 
Agency. EPA 600/9-78-021 (April 1979): 13. 

"1.0 Ib/hphr = 0.61 kg/kW-h 

‘From manufacturers’ bulletins and technical reports 

■■Common ranges for variations of these systems 
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organism loading range of extended aeration to high-rate aeration. The oxygen require¬ 
ment for nitrification is 4,6 times the ammonia nitrogen oxidized to nitrate. 

. The Recommended Standards for Wastewater Facilities, Great Lakes-Upper Mis¬ 
sissippi River Board of State Public Health & Environmental Managers [21] considers 
the following as minimum normal air requirements for diffused-air systems; conven¬ 
tional, step aeration, and contact stabilization 1500 ft^ of air applied per lb of BOD 
aeration tank load; modified or high-rate 400-1500 ftVlb of BOD load; and extended 
aeration 2000 ftVlb of BOD load. These demands assume that the aeration equipment is 
capable of transferring at least 1.0 lb of oxygen to the mixed liquor per pound of BOD 
aeration tank loading. In any case, aeration equipment shall be capable of maintaining a 
minimum of 2.0 mg/1 of dissolved oxygen in the mixed liquor at all times and ensuring 
thorough mixing of the mixed liquor. 

■ EXAMPLE 12.16 The following data were collected during field evaluation of a 
completely mixed activated-sludge secondary treating of municipal wastewater. The 
aeration basin, with a diameter of 80 ft and a liquid depth of 17 ft, was mixed with four 
turbine mixers mounted above air sparge rings. Twenty-four-hour composite BOD 
analyses were run on the aeration basin influent, final clarifier effluent, and waste- 
activated sludge. The oxygen-utilization rate in the aeration basin was measured each 
hour throughout the 24-hr sampling period and individual values averaged for oxygen 
utilization rate of the mixed liquor. 

influent wastewater flow = 6.52 mgd 
waste-activated sludge = 15,000 gpd 
influent BOD = 125 mg/1 
effluent BOD = 18 mg/1 
waste sludge BOD = 5300 mg/1 
air supplied (20°C and 760 mm) = 1650 cfm 
minimum DO in mixed liquor = 0.8 mg/1 
average DO in mixed liquor =1.1 mg/1 
temperature of mixed liquor = 24° C 
oxygen utilization rate of mixed liquor = 74 mg/l/hr 
beta factor of mixed liquor = 0.9 

Use these data to calculate the following: 

1. Pounds of BOD load. 

2. Cubic feet of air applied per lb of BOD load. 

3. Pounds of oxygen utilized per lb of BOD. 

4. Oxygen transfer efficiency. 

5 . aKifl. 
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Solution: 

1 . 


2 . 


3 . 


lb of BOD load = 6.52 mgd X 125 mg/1 X 8.34 = 6800 Ib/day 
volume aeration tank = 7r(40)^17 = 85,500 ft^ 

BOD loading = 79.5 Ib of BOD/1000 ftVday 
ft^ min 

air applied = 1650-:- X 1440-— = 2,380,000 ft^ 
mm day 


ft^ of air applied 2,380,000 


lb of BOD load 


6800 


= 350 


ft^ 


lb of BOD 


lb of oxygen utilized = r X volume of aeration tank X time 

= 74 X 28.3 ^ X 85,500 ft' 
hr ft' 

lb hr 

_ y 24 _ 

453,600 mg day 

= 9420 Ib/day 

lb of BOD satisfied = lb of BOD removed - lb of BOD wasted 

= 6.52(125 - 18)8.34 - 0.015 X 5300 X 8.34 
= 5190 Ib/day 
lb of oxygen utilized 9420 


lb of BOD satisfied 5190 

lb of oxygen utilized _ 9420 
lb of BOD applied 6800 


= 1.82 

= 1.39 


ft' lb of oxygen 

lb of oxygen applied = 2,380,000 — X 0.0174- — - 

day ir 


= 41,400 Ib/day 


oxygen transfer efficiency = 


9420 

41,400 


X 100 = 22.8% 


5. From Eq. (12.88), 


aKi^a at 24° C = 


74 


0.9 X 8.5 -- 1.1 


= 11 hr- 


12.26 Determination of Oxygen Transfer Coefficients 

In order to apply Eq. (12.87) in calculating the mass transfer of oxygen in the design of 
an activated-sludge process, the coefficients K^a, a, and P must be experimental y 
determined. 
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The rate of oxygen transfer in clean water is defined as 

dc 

— = KMC. - C.) ( 12 . 89 ) 

dt 

where 

dcldt — rale of oxygen transfer, mg/l/hr 
K^a = oxygen transfer coefficient, hr ' 

C, = oxygen concentration at saturation, mg/1 
C, = oxygen concentration in liquid, mg/1 

The rate of oxygen dissolution is proportional to the dissolved-oxygen deficit (C, - C,) 
and the area of the air-water interface per unit volume of water. K/U is the overall 
coefficient that incorporates the interfacial area a of diffusion and the liquid film coeffi¬ 
cient K,^. The value of KiCi depends on the hydrodynamics and turbulence at the inter¬ 
face between the air bubbles and the liquid; hence, it depends on the aeration system, 
geometry of the aeration tank, liquid characteristics, and temperature. 

The efficiency of an aeration system to transfer oxygen is measured by conducting 
a non-steady-state test on a full-scale aeration basin or test tank using clean water 
[22, 23]. The clean aeration tank is filled with tap water at a temperature as close to 
20°C as possible. Next, a cobalt chloride catalyst is dissolved in a small amount of warm 
water and added to the aeration tank; the concentration must be high enough to assure 
catalyzation of all of the sodium sulfite added. After operating the aerator for 20-30 min 
to achieve a steady-state mixing condition, the sodium sulfite is added to deoxygenate 
the water in the aeration tank as follows; 

2Na,SO, + 0 : > 2NaiSO., ( 12 . 90 ) 

The sulfite addition is in excess of the theoretical requirement (7.88 mg/l of pure 
sodium sulfite per 1.0 mg/l of DO concentration) to allow a time lag for mixing before 
the dissolved oxygen starts to rise above zero. Simultaneously, sampling is initiated at 
several points in the aeration tank when the DO concentration begins to rise from zero 
and IS continued at 1-3-min intervals, or at approximately every I.O mg/l increase in 
dissolved oxygen. At least six samples are collected at each point between the levels of 
10% and 80% DO saturation. Water for sampling is continuously withdrawn by sub¬ 
mersible pumps with sufficient capacity to limit the detention time between pump and 
sample outlet to 5-10 sec. Although oxygen concentrations are monitored and recorded 
by DO probes and meters, the standard test for dissolved oxygen is by the Winkler 
titration method. Three replicate te.sts are normally conducted to determine the aeration 
efficiency for each operating condition. 

Dissolved-oxygen data from each sampling point are plotted to determine the K,a 
value based on the following relationship, derived from Eq. (12.89); 



Nonparallel slopes of the plots from different sampling points indicate poor mixing, and 
values that differ significantly from the others are discarded. The saturation con- 
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centration C, is the theoretical value at the temperature of the water during the test 
(Table A. 10). In the case of diffused-air systems, a correction factor for submergence of 
the bubbles is included in the pressure correction; this is normally taken as the pressure 
at one-half the depth of submergence of the diffusers. The Kia at test temperature in 
degrees Celsius is corrected to 20° C by the relationship 

(Ki^ah, = (12.92) 

where B is commonly assumed to be 1.024. (The observed range is 1.01-1.05.) 

The mass of oxygen dissolved in the water contained in a test tank per unit time at 
standard conditions (20°C, 1 atm pressure, and zero DO) is calculated as 

N = (12.93) 

where 

N - rate of oxygen dissolution, Ib/hr 
(K,a)ii) = oxygen transfer coefficient at 20°C, hr"' 

(CJai = oxygen concentration at saturation at 20°C, mg/1 
W = weight of water in the test tank, lb 
10 ~ 1 mg/1 ~ 1 mg/1,000,000 mg 

Oxygen transfer efficiency £ in a diffused-aeration system is computed by 


where 


N X 100 
A 


(12.94) 


E = oxygen transfer efficiency, % 

A = oxygen applied (standard conditions), Ib/hr 

Determination of the applied oxygen requires accurate measurement of the air flow 
rate and adjustment of the observed rate to standard conditions of 20° C and 1 atm of 
pressure. 

The oxygen transfer rate can be calculated for both diffused-air and mechanical 
aeration systems by the relationship 




(12.95) 


where 


y?o = rate of oxygen transfer at standard conditions (20° C, 1 atm pressure, and 
zero DO), Ib/hp-hr 
P = power input, hp 

The rate of oxygen transfer to a wastewater requires determining the alpha and beta 
coefficients in Eq. (12.87). The alpha coefficient is defined as the ratio of the oxygen 
transfer coefficient in wastewater to that in clean water. 


Ki^a in wastewater 
KiQ in clean water 


(12.96) 


The value of a is influenced by ’many conditions related to both the characteristics o 
the wastewater (temperature, soluble BOD, and concentration of suspended soli s 
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and the aeration equipment (type of diffuser or mechanical aerator, mixing intensity, and 
aeration tank configuration). The magnitude can even change between the influent and 
effluent ends of a plug-flow aeration tank resulting from stabilization of the wastewater. 
Even though the most reliable method of measuring a is under field design conditions, 
it is often determined using a bench-scale aeration tank. Different laboratory units are 
designed to simulate diffused, mechanical-surface, and submerged-turbine aeration sys¬ 
tems. The procedure involves conducting tests for K^a in the model aeration tank for 
both tap water and wastewater [22, 23]. Deoxygenation is performed by stripping th 
liquid in the tank with nitrogen gas. Conducting tests to determine alpha requires con¬ 
siderable expertise in oxygen transfer processes and laboratory techniques. 

Alpha coefficients for municipal wastewater are generally in the range of 0.7-0.9; 
nevertheless, fine-bubble diffusers can have a value as low as 0.4 and mechanical aera¬ 
tors as high as 1 . 1 . 

The beta coefficient in Eq. (12.87) is defined as the ratio of the DO saturation con¬ 
centration in the wastewater to that in clean water, 

a - DQ saturation concentration in wastewater 
DO saturation concentration in clean water 

The value of jS is influenced by wastewater constituents, including dissolved salts, or¬ 
ganics, and gases. To determine the saturation concentration in a wastewater, a settled 
sample is aerated by vigorous hand mixing for several minutes in a half-full jar. The 
temperature and dissolved oxygen are then both measured, usually with a calibrated DO 
probe, for several minutes to ensure stable readings. Saturation for clean water is the 
theoretical value for the same temperature and is corrected for the barometric pressure 
(Table A.IO). These two values are used in Eq. (12.97) to calculate)3. 

The magnitude of the beta coefficient for municipal wastewater typically equals 0.9 
and is seldom less than 0 . 8 . 

■ EXAMPLE 12.17 A coarse-bubble, diffused-aeration system was tested in a large 
tank to determine the oxygen transfer coefficient by the non-steady-state procedure in 
clean water. The diffusers were submerged 8.0 ft, and the atmospheric pressure on the 
day of the test was 720 mm Hg. Dissolved oxygen data from a sampling point at a depth 
of 4.0 ft are given in columns 1 and 3 of Table 12.8. The water temperature was 17°C. 


Table 12.8 Sampling Data and Calculated Values for Determination of the 
Oxygen Transfer Coefficient in Example 12.7__ 


t 

(min) 

c, 

(mg/1) 

c. 

(mg/1) 

c,-c, 

(mg/1) 

In (C, - C) 

1.2 

10.4 

2.3 

8.1 

2.1 

2.8 

10.4 

4.6 

5.8 

1.8 

5.0 

10.4 

6.7 

3.7 

1.3 

8.0 

10.4 

8.2 

2.2 

0.8 

12.0 

10.4 

9.4 

1.0 

0 

16.0 

10.4 

10.0 

0.4 

-0.9 

22.0 

10.4 

10.2 

0.2 

-1.6 


604 CHAPTER 12 Biological Treatment Processes 


The test tank was circular, with a diameter of 20.0 ft. The air supply during the test 
was 310-cfm (20®C and 760 mm) and the power input was 15 hp. 

Determine the value of K^a and, based on this value and the above operating data, 
calculate the oxygen transfer efficiency and oxygen transfer rate. 

Solution: The pressure at one-half the depth of submergence of the diffusers is 

4.0 ft X 305 mm/ft 


Therefore, the barometric pressure at mid-depth is equal to 720 + 90 = SlOmmHg. 
Using Table A. 10, 


c: = 9.7 X = 10.4 mg/1 


760 - p 


760 - 15 


This value for the oxygen concentration at saturation (17“C and 4.0 ft submergence)is 
entered in column 2 of Table 12.8 and the C, - C, and ln(C, - C,) calculated. 

The ln(C, — C,) versus time data are plotted in Fig. 12.49. The slope of a straight 
line of best fit through the points between 20% and 80% DO saturation is KlO, which is 
calculated using Eq. (12.91) as 


K,a = 


(2.0 - 0)60 
11.8 - 1.5 


11.7 hr-> 


Correcting K,_a to 20° C by Eq. (12.92), 

11.7(1.024)2" ' 2 = 12.6hr"' 

The following parameters are calculated in order to use Eq. (12.93): 

810 - 18 

W = 7r(10)2 X 8.0 X 62.4 = 157,000 lb 



Figure 12.49 Plot of data from Table 12.8 to determine 
KlO for Example 12.17. 
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Substituting into Eq. (12.93), 

N = 10-^ X 12.6 X 9.8 X 157,000 = 19.4 Ib/hr 

Calculating oxygen transfer efficiency by Eq. (12.94), 

_ 19.4Ib/hr X 100 _ 19.4 X 100 

^ 310 ftVmin X 60 min/hr X 0.0174 lb of oxygen/ft^ 323 

The rate of oxygen transfer from Eq. (12.95) is 

19.4 

Rq = = 1.3 Ib/hp-hr 

■ EXAMPLE 12.18 A step-aeration activated-sludge process is being designed using 
the diffused-aeration system described in Example 12.17. The design criteria for the 
period of critical oxygen demand in the aeration basin are as follows; 

BOD loading = 3.3 lb BOD/1000 ftVhr 

oxygen transfer requirement = 1.0 lb of oxygen/1.0 lb of BOD applied 

temperature of mixed liquor = 14°C 

minimum allowable DO = 2.0 mg/1 

beta coefficient = 0.70 

alpha coefficient = 0.90 

oxygen transfer coefficient (KLa) 2 o = 12.0 hr“' 

oxygen transfer efficiency E = 6.0% 

pressure at mid-depth of diffusers =810 mm Hg 

Compare the rate of oxygen transfer dcJdt to the rate of oxygen utilization r, and 
calculate the volume of standard air required per pound of BOD applied. (One cubic 
foot of air at standard temperature and pressure, 20°C and 760 mm, contains 0.0174 lb 
oxygen.) 

Solution; U sing Table A. 10 for 14° C, 

Correcting (^'^£ 1)20 for 14°C, 

Ki,a at 14°C = iKi^a)2ol.024^-^° = 12.0(1.024)= 10.4 hr-> 

Substituting into Eq. (12.87), the rate of oxygen transfer is 



— = 0.70 X 10.4(0.90 X 11.1 - 2,0) = 58 mg/l/hr 
dt 



606 CHAPTER 12 Biological Treatment Processes 


Assuming 1.0 lb of oxygen utilized per 1.0 lb of BOD applied, th6 rate of dissolved- 
oxygen utilization is 


r - 


3.3 lb 453,600 mg 
lOOOft'-hr^ lb 


ft^ 

28.31 


= 53 mg/l/hr 


The oxygen transfer rate of the aeration system is adequate since dcldt exceeds r. (Rcfci 
to Fig. 12.47.) 

The efficiency of oxygen transfer is proportional to the rate of oxygen transfer; 
therefore, 

^ - C) 


, ^ 0.70 X 10.4(0.90 X 11.1 - 2.0) _ ^ , 

6.0 X ■■ — 2.C 

12.6 X 9.8 


(12.98) 


The volume of standard air required at an actual oxygen transfer efficiency of 2.8% per 
pound of BOD load, assuming 1.0 lb of oxygen utilized per 1.0 lb of BOD applied, is 


_1.0 lb of oxygen _ 

0.0174 lb of oxygen/fF X 0.028 


2000 ftVlb of BOD applied 


STABILIZATION PONDS 

Domestic wastewater can be effectively stabilized by the natural biological processes 
that occur in shallow ponds. Those treating raw wastewater are referred to as facultative 
ponds, lagoons, or oxidation ponds. Where small ponds are installed after secondary 
treatment, they are referred to as tertiary, maturation, or polishing ponds. Their purpose 
is to further reduce suspended solids, BOD, fecal microorganisms, and ammonia in the 
plant effluent. 

Facultative ponds have a light BOD loading of 0.1-0.3 lb/1000 ftVday, a normal 
operating water depth of 5 ft, and a long retention time of 50-150 days. Small ponds 
may be designed for complete retention with water loss only by evaporation. Tertiary 
polishing ponds generally have a retention time of only 10-15 days and are shallower, 
with water depths of 2-3 ft for better mixing and sunlight penetration. 

A wide variety of microscopic plants and animals find the environment a suitable 
habitat. Waste organics are metabolized by bacteria and saprobic protozoans as pninary 
feeders. Secondary feeders include protozoans and higher animal forms, such as rotifers 
and crustaceans. When the pond bottom is anaerobic, biological activity results in diges 
tion of the settled solids. Nutrients released by bacteria are used by algae in photosyn¬ 
thesis. The overall process in a facultative stabilization pond (Fig. 12.14) is the sumo 
individual reactions of the bacteria, protozoans, and algae. 


12.27 Description of a Facultative Pond 

A stabilization pond is a flat-bottomed pond enclosed by an earth dike (Fig. 
can be round, square, or rectangular, with a length not greater than three times the wi 
The operating liquid depth has a range of 2-5 ft, with 3 ft of dike freeboard. A miniiwi^ 
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hmuent 



8 ft 



Cross section of dike 

Figure 12.50 Two-cell stabilization pond. 


of about 2 ft is required to prevent the growth of rooted aquatic plants. Operating depths 
greater than 5 ft can create odorous conditions because of anaerobiosis on the bottom. 

Influent lines discharge near the center of the pond and the effluent usually over¬ 
flows in a corner on the windward side to minimize short-circuiting. The overflow is 
generally a manhole or box structure with multiple-valved draw-off lines to offer flex¬ 
ible operation. Where the lagoon area required exceeds 6 acres, it is good practice to 
have multiple cells that can be operated individually, in series, or in parallel. If the soil 
is pervious, bottom and dikes should be sealed to prevent groundwater pollution. A 
commonly used sealing agent is bentonite (clay). Dikes and areas surrounding the ponds 
are seeded with grass, graded to prevent runoff from entering the ponds, and fenced to 
preclude livestock and discourage trespassing. In the case of a multiple-pond installa¬ 
tion, the sequence of pond operation and liquid operating depth are regulated to provide 
control of the treatment system. Operating ponds in series generally increases BOD 
reduction by preventing short-circuiting. Conversely, parallel operation may be desir¬ 
able to distribute the raw BOD load and avoid potential odor problems. 

Where discharges of pond effluent in the winter result in pollution of the receiving 
stream, the operating level can be lowered before ice formation and gradually increased 
to 5 ft by retention of winter flows. The elevation can then be slowly lowered in the 
spring when the dilution flow in the receiving stream is high. Shallow operation can 
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be maintained during the spring with gradually increasing depths to prevent emergent 
vegetation. In the fall, the level can again be lowered to hold winter flows. 

Most stabilization ponds emit odors occasionally. This is the primary reason for 
locating them as far as practicable fi'om present or future developed areas and on the 
leeward side .so that prevailing winds are in the direction of uninhabited areas. Lagoons 
treating only domestic wastewater normally operate odor-free. Only for a short period 
of time in the early spring, when the ice melts and the algae are not flourishing, are 
offensive odors discharged. Lagoons treating certain industrial wastes, in combination 
with domestic wastewater, are often noted for their persistent obnoxious odors. The 
cause of these odors is most likely continuous or periodic overloading from industrial 
waste di.scharges or the odorous nature of the industrial waste itself. Unpleasant odors 
can be emitted from lagoons of small municipalities where poultry-processing wastes, 
slaughterhouse wastes, or creamery wastes are discharged to the municipal sewer with¬ 
out pretreatment. 


12.28 BOD Loadings of Facultative Ponds 

Many efficiency equations have been proposed for modeling BOD removal in facultative 
ponds [241. BOD reduction in a primary cell appears to follow a simple plug-flow hy¬ 
draulic model with a first-order reaction rate; however, verification by comparison with 
actual performance data has been only marginally successful. More complex equations 
that include factors such as water temperature, light intensity, and dispersion are no more 
succc.ssful in predicting the effieicney of stabili/aiion ponds. As a result, design of fac¬ 
ultative ponds is commonly dictated by empirical rules based on the observation of pond 
performance in a region. Design guidelines may specify the maximum allowable BOD 
loading on primary cells, number ot cells required for different-size pond .systems, over¬ 
all wastewater retention time, muxiimim atfid minimum water depths, and winter storage 
for a specified number of months. Example 12.20 illustrates the application of a typical 
set of design guidelines. 

BOD loadings are usually expressed in pounds of us BOD applied per acre of sur¬ 
face area per day (kg/ha-d or g/m’-d). In northern states, loadings on primary cells are 
25-35 lb BOD/acre/day (2.8-3.9 g/in-’d) to minimize odor nuisance in the spring of 
the year. In southern .states, design loadings are about 40-50 lb BOD/acre/day. Total 
retention time for primary plus secondary cells is 3-6 months to allow sea.sonal .storage 
and controlled di.scharge. Series operation reduces short-circuUing and, as a re.sult, im¬ 
proves BOD and fecal coliform removals. 

The degree of stabilization produced in a pond is influenced by climatic conditions. 
During warm, sunny weather, decomposition and photosynthetic proces.ses flouri.sh.re¬ 
sulting in rapid and complete stabilization of the waste organics. The pond water be¬ 
comes .supersaturated with dissolved oxygen during the afternoon. Suspended .solidsand 
BOD iq the pond effluent are primarily from the algae. BOD reductions in the summer 
usually exceed 95%. During cold weather under ice cover, biological activity is 
tremely slow and the lagoon-treatment process is, for practical purposes, reduced to 
sedimentation. Anaerobic conditions can occur from a lack of reaeration by wind action 
and photosynthesis. Suspended solids and BOD in the pond effluent include organics 
from raw wastes and intermediate organics issuing from incomplete anaerobic metabo¬ 
lism. Under winter ice cover, BOD reductions are generally about 50%. 



12 29 Advantages and Disadvantages of Stabilization Ponds 609 


Warm pond water rich in plant nutrients, when exposed to sunlight, supports an 
abundance of algae, giving the water a green color. Because wastewater contains signifi¬ 
cant concentrations of carbon dioxide, inorganic nitrogen, and soluble phosphorus, the 
growth of algae is usually limited by shading caused hy the high turbidity from the algae 
in suspension. Higher forms of aquatic animal life, i.e., zooplankton, that graze on the 
algae are also present. As a result of this natural biological activity, pond water during 
summer months contains 50-80 mg/1 of suspended solids. Although this exceeds the 
effluent standard of 30 mg/1 of suspended solids, most regulatory agencies have estab¬ 
lished higher limits for stabilization pond effluent, typically 60 mg/ 1 , to allow summer 
and fall discharge. Where the effluent standard prohibits discharge to a watercourse, 
irrigation of nearby agricultural land appears to be the best solution. In a semiarid cli¬ 
mate where evaporation exceeds rainfall by a wide margin, ponds serving a small com¬ 
munity can be constructed large enough to provide complete retention. However, the 
land area for zero-discharge ponds is often prohibitive. 


12.29 Advantages and Disadvantages of Stabilization Ponds 

A general list of items to be considered before selecting the stabilization pond process 
for treatment of a municipal wastewater is offered here. In general, stabilization ponds 
are suitable for small towns that do not anticipate extensive industrial expansion and 
where land with suitable topography and soil conditions is available for siting. 

Advantages 

1. The initial cost is probably lower than that of a mechanical plant. 

2 . Operating costs are lower. 

3. Regulation of effluent discharge is possible, thus providing control of pollution 
during critical times of the year. 

4. Treatment .system is not significantly influenced by a leaky sewer system that col¬ 
lects storm water. 

Disadvantages 

1. Extensive land area is required for siting. 

2. The assimilative capacity for certain industrial wastes is poor 

3. Odor problems are possible. 

4. The expansion of town and new developments may encroach on the lagoon site. 

5. The effluent quality generally cannot meet the standard for suspended solids of 
30 mg/ 1 . 

■ EXAMPLE 12.19 Design population for a town is 1200 persons, and the anticipated 
industrial load is 20,000 gpd at 1000 mg/1 of BOD from a milk-processing plant. 
Calculate the surface area required for a stabilization pond system, and estimate the 
number of days of winter storage available. Assume the following: 

1. Wastewater flow of 100 gpcd with 0.17 lb of BOD per capita. 

2. Design BOD loading of 25 lb of BOD/acre/day. 

3. Water loss from evaporation and seepage of 60 in. /yr. 

4. Annual rainfall of 20 in./yr. 
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Solution: 

BOD load (domestic + industrial) 

= 1200 X 0.17 + 0.020 X 1000 X 8.34 = 371 lb of BOD/day 
371 

stabilization pond area required = — = 14.8 acres (use two ponds) 

volume available for winter storage between 2 - and 5 -ft depths 

= (5 - 2)14.8 X 43,560 = 1,930,000 ft^ 
water loss per day (evaporation + seepage - rainfall) 

(60 - 20)14.8 X 43,560 


12 X 365 


= 5890ftVday 


, , . „ ^ 1200 X 100 + 20,000 

wastewater influent per day = --- 18,700 fWday 

7.48 

1,930,000 

winter storage available = = 150 days 


■ EXAMPLE 12.20 The design criteria for stabilization ponds specified by the state 
regulatory agency are that ( 1 ) the BOD loading in the primary cells shall not exceed j 
25 lb BOD/acre/day, ( 2 ) the minimum total water volume, based on influent flow and I 
all cells at a water depth of 5 ft, shall not be less than 120 days, (3) the volume for winter | 
storage between the water depths of 1.5 and 5.0 ft shall be sufficient so that no discharge j 
is necessary for a 4-month period, and (4) the pond system shall have at least two | 
primary cells and one or more secondary cells that cannot receive raw wastewater. Size i 
the ponds for a community with an average daily wastewater discharge of 160,000 gpd 
with a BOD of 220 mg/1. Based on available data, the net water loss (evaporation plus 
seepage minus precipitation) during the storage months is 1.0 in./month. 

Solution: 


area of primary ponds = 


0.160 X 220 X 8.34 


25 

= 11.7 acres 

construct two primary cells each = 5.9 acres 
minimum total water volume required = 120 X 0.160 = 19.2 mil gal 

volume of primary cells = 11.7 X 5 X 0.326 
= 19.1 mil gal (OK) 

wastewater inflow during 4 months = 0.160 X 3.07 X 4 X 30 = 58.9 acre-ft 

inflow — water loss 


pond area required for storage = -7 


difference in water levels 
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pond area 


58.9 - pond area X Vn 


5.0 - 1.5 
pond area =15.4 acres 

area of secondary cell = 15.4 - 2 X 5.9 = 3.6 acres 


12.30 Completely Mixed Aerated Lagoons 

Aerated ponds for pretreatment of industrial wastes or first-stage treatment of municipal 
wastewaters are commonly completely mixed lagoons 8-12 ft deep with floating or 
platform-mounted mechanical aeration units. A floating aerator consists of a motor- 
driven impeller mounted on a doughnut-shaped float with a submerged intake cone 
(Fig. 12.51). Inspection and maintenance is performed using a boat, or by disconnecting 
the restraining cables and pulling the unit to the edge of the lagoon. Platform-mounted 
aerators are placed on piles or piers extending into the pond bottom (Fig. 12.38). The 
impeller is held beneath the liquid surface by a short shaft connected to the motor 
mounted on the platform. A bridge may be constructed from the lagoon dike to the 
aerator for ease of inspection and maintenance. 

Complete mixing and adequate aeration are essential environmental conditions for 
a lagoon biota. Selection and design of mixing equipment depend on manufacturers’ 
laboratory test data and field experience. Aerators are spaced to provide uniform blend¬ 
ing for the dispersion of dissolved oxygen and suspension of microbial solids. Their 
oxygen transfer capability must be able to satisfy the BOD demand of the waste while 
retaining a residual dissolved-oxygen concentration. Figure 12.52 illustrates the general 
relationships between power required for mixing and that required for aeration. Only 
one detention time exists for a given wastewater strength where both stirring and aera¬ 
tion functions are at optimum. Thus, deviations in loadings should be considered in the 
design selection and operational control of mechanical aeration units. 

Organic stabilization depends on suspended microbial floe developed within the 
basin, since no provision is made for settling and returning activated sludge. BOD re¬ 
moval is a function of detention time, temperature, and nature of the waste, primarily 
biodegradability and nutrient content. The common relationships are 

h = ^ - (12.99) 

Lo 

kr = k2ooce^-^° (12.100) 

where 

Le = effluent BOD, mg/1 
Lo = influent BOD, mg/1 
k = BOD-removal-rate constant to base e, day"* 
t = detention time, days 
T = temperature, °C 
0 = temperature coefficient 





{b) 

Figure 12.51 Floating aerator, (a) Picture of an aerator in operation, (b) Cutaway 
section showing aerator design with propeller directly connected to motor that is 
float. Water drawn up through the intake cone is deflected by the 
diffusion head for aeration by dispersion. (Courtesy of Aqua-Aerobic Systems, Inc., 
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Figure 12.52 General relationships between the power 
required for mixing and that needed for aeration relative to 
wastewater detention time for mechanical aerators in 
completely mixed lagoons. 

The value of k relates to degradability of the waste organics, temperature, and complete¬ 
ness of aeration mixing. At 20° C, k values have been found to range from 0.3 to over 
1.0; the precise value for a particular waste must be determined experimentally. The 
coefficient 0 is a function of biodegradability and generally falls between 1.035 and 
1.075, with 1.035 the most common value. 

Biological oxygen utilization is equal to assimilative plus endogenous respiration, 
as in the activated-sludge process. However, with the low concentration of microbial 
suspended solids in the aerating wastewater, oxygen uptake can be simply related to 
BOD removal by the relationship 

lb of oxygen/day — a X lb of BOD removed/day (12.101) 

The magnitude of a is determined by laboratory or field testing the particular wastewater 
to be treated. Values are from 0.5 to 2.0, 1.0 being typical. 

Oxygen transferred by surface-aeration units can be computed by 

R = R„ ~ X 1.02’'-“(a) (12.102) 

9.2 

where 

R = actual rate of oxygen transfer, lb of oxygen/hp* hr 

Rq = rate of oxygen transfer of manufacturer’s unit under standard conditions (water 
at 20°C, 1 atm pressure, and zero dissolved oxygen), lb of oxygen/hp’hr 
^ = oxygen saturation coefficient of the wastewater 
C, = oxygen concentration at saturation, mg/1 
C, = oxygen concentration existing in liquid, mg/1 
T = temperature of lagoon liquid, °C 
a = oxygen transfer coefficient 

9.2 = saturation oxygen concentration of pure water at 20°C, mg/1 
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The manutacturer’s oxygen transfer rate RqIS guaranteed performance based on aerator 
test data stated in prms of standard conditions. The a and p factors are discussed in 
Section 12.26. ^ 

A facultative, horated lagoon results if insufficient mixing permits deposition of 
suspended solids. BOD removal cannot be predicted witn certainty in a nonhomogene- 
ous system. Anaerobic decomposition of the settled sludge can cause emission of foul 
odors, particularly in treating certain industrial wastes. Facultative conditions often re¬ 
sult from overloaded completely mixed lagoons or may derive from poorly designed 
systems with inadequate mixing. To ensure odor-free operation, pond contents must 
be thoroughly stirred, with dissolved oxygen available throughout the liquid. Aeration 
equipment installed should be of proven performance and purchased from a reputable 
manufacturer. 

Significant increases in effluent BOD can occur from reducing detention time since 
the biological process is time denendent. Cooling-water discharges and shock loads of 
relatively uncontaminated water, for example, storm mnoff, should be diverted around 
the lagoon to the secondary ponds. Sudden, large inputs of biodegradable or toxic wastes 
resulting from industrial spills can also upset the process. Pretreatment and control sys¬ 
tems at industrial sites should be furnished to prevent taxing the lagoon’s equalizing 
capacity. Biodegradability studies are essential for municipal wastewater containing 
measurable amounts of industrial discharges to determine such design parameters as 
BOD removal-rate constant, influence of temperature, nutrient requirements, oxygen 
utilization, and sludge production. 


■ EXAMPLE 12.21 Size an aerated lagoon to treat a domestic plus industrial waste 
flow of 0.30 mgd with an average BOD of 600 mg/1 (1500 lb of BOD/day). The 
temperature extremes anticipated for the lagoon contents range from 10®C in winter to 
35“C in summer. Minimum BOD reduction through the lagoon should be 75%. The 
surface aerators to be installed carry a manufacturer’s guarantee to transfer 2.5 lb of 
oxygen/hp*hr under standard conditions. During laboratory treatability studies, the 
wastewater exhibited the following characteristics: kaooc = 0-68 per day, 0 = 1.047, 
a = 0.9, and = 0.8. 

Solution: The required detention time at a critical temperature of 10°C is found using 
Eqs. (12.99) and (12.100): 


^looc = 0.68 X 1.047’°"“ = 0.43 per day 


Le 

-^ = 1 - 0.75 = 

Ln 


1 

1 + 0.43f 


t = 7.0 days 

lagoon volume = 0.30 mgd X 7.0 days = 2.1 mil gal = 280,000 ft^ 

Use a 10-ft depth with earth sides sloped appropriately for soil conditions. Oxygen util¬ 
ization using a — 0.8: 

At 10“ C: BOD removal = 0.75 X 1500 = 1120 lb of BOD/day 


. , 1120 X 0.8 

oxygen required =--- 


37 lb of oxygen/hr 
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At35T: 


BOD removal = 1500 — 


k = 0.68 X 1.04735-2« = 1.35 per day 
1500 


oxygen required = 


1 + 1.35 X 7.0 
1360 X 0.8 


= 13601bofBODyday 


24 


= 45 lb of oxygen/hr 


Aerator power requirements using Eq. (12.102) at a minimum of 2.0 mg/1 of dissolved 
oxygen (C = 11-3 mg/l at lO^C and 7.1 mg/1 at 35°C): 

Riooc = ^ 9^ ' 2 ~—l- 02 '°" 2 o X 0.9 = 1.4 lb of oxygen/hp'hr 


power required 

^i5°C 


37 lb of oxygen/hr 
1.4 lb of oxygen/hp'hr 


= 26 hp 


2.5(0.8 X 7.1 - 2.0) 
9.2 


1 02^-20 X 0.9 


1.2 lb of oxygen/hp-hr 


power required 



hp 


Pow6r requirements at 35°C control design: Use four 10-hp surface aerators. 


ODOR CONTROL 

Increased urbanization has resulted in wastewater treatment plants being situated in 
close proximity to housing areas and commercial developments. This has caused com¬ 
plaints about odors and, in serious situations, led to lawsuits against municipalities 
operating the disposal systems. Although the problem of foul odors emitting from treat¬ 
ment plants is not new, only in recent years have political and legal pressures forced 
processing facilities to consider abatement. 


12.31 Sources of Odors in Wastewater Treatment 

Principal odors are hydrogen sulfide and organic compounds generated by anaerobic 
decomposition. The latter include mercaptans, indole, skatole, amines, fatty acids, and 
many other volatile organics. Often, industrial wastes in a municipal sewer create odors 
inherent in the raw materials being processed or the manufactured products (poultry 
processing, slaughtering and rendering, tanning, and manufacture of volatile chemicals). 
With the exception of hydrogen sulfide, a specific odor-producing substance is very 
difficult to identify. Weather conditions, such as temperature and wind velocity, influ¬ 
ence the intensity and prevalence of emissions. 

Frequently, the initial evolution of malodors is from septic wastewater in the sewer 
collection system. Flat sewer grades, warm temperatures, and high-strength wastes lead 
to anaerobiosis. The first sources at the treatment plant are the wet well and grit chamber. 
Turbulent flow and preaeration of raw waste strip dissolved gases and volatile organics, 
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discharging them into the atmosphere. Odors also may arise from the liquid held in 
primary clarifiers, particularly if excess activated sludge is returned to the head of the 
plant, resulting in an active microbial seed being mixed with the settleable raw organic 
matter. Sludge taken from these tanks has an obnoxious smell. Pumping it into uncov¬ 
ered holding tanks releases the scent previously confined under the water cover. Poly¬ 
mers do not neutralize the olfactory compounds prior to mechanical dewatering; 
therefore, the air drawn through the sludge cake picks up volatile compounds and carries 
them to the atmosphere. The use of ferric chloride and lime for conditioning chemicals 
significantly reduces odors, but for most municipal wastes, polymers provide more eco¬ 
nomical operation. The process of anaerc^bic digestion takes place in enclosed tanks, 
while digested sludge is dewatered either mechanically or on drying beds. The smell of 
well-digested sludge is earthy, but if the digestion process is not complete, intermediate 
aromatic compounds may be released during drying. 

Secondary biological proces.ses also yield odors, particularly stone-media trickling 
filters. Although referred to as aerobic devices, filters are actually facultative, since the 
microbial films are aerobic on the surface and anaerobic adjacent to the medium. Be¬ 
cause of this potential for anaerobic decomposition, filters under heavy organic loading 
can reek. Odors are not as likely to be created in biological towers because of thinner 
biological films and improved aeration. Activated-sludge processes yield a relatively 
inoffensive musty odor carried by the air passing through the mixed liquor. Foul smells 
are rare, since microbial floes in the aeration basin are completely surrounded by liquid 
containing dis.solved oxygen. 


12.32 Methods of Odor Control 

Modern treatment plant design incorporates odor prevention [25]. In siting plants, pro¬ 
viding a reasonable buffer zone is prudent to prevent encroachment of other activities in 
which people will be offended by the presence of a treatment plant. 

The first step in analyzing an existing problem is to determine the cause of odor¬ 
ousness and attempt to isolate the sources. Special attention must be paid to industrial 
wastes entering the sewer system. Overloading often increases malodors; however, ex¬ 
pansion of facilities is no guarantee that the situation will change dramatically. Foul 
emissions can be given off by properly loaded units if the design is poor, if they are not 
maintained properly, or when the waste includes organics with an inherent smell. Typi¬ 
cal problems are hydrogen sulfide and other volatile odorous compounds being stripped 
out of solution and dispersed in air from the wet well, grit chamber, or primary clarifiers. 
Warm septic wastewater can release extremely offensive odors. Anaerobiosis can occur 
in poorly vented trickling filters. In sludge processing, foul odors are most likely to be 
released from raw sludge in holding tanks and in ventilation exhaust from buildings 
housing mechanical dewatering equipment. The sources of odors can be difficult to lo¬ 
cate precisely. For example, convection can lift odorous air up and transport it a consid¬ 
erable distance before it descends. 

Chemicals can sometimes be used to oxidize odorous compounds, particularly hy¬ 
drogen sulfide. Chlorination of the wastewater in main sewers, or prior to primary settling, 
may prove beneficial. Using lime and ferric chloride as chemical sludge conditioners 
reduces bacterial activity and oxidizes many products of anaerobic decomposition. 
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The best method for preventing odorous emissions is to contain the foul air and 
process it through an air pollution control system. Fiberglass and aluminum covers and 
domes can be constructed over grit chambers, primary clarifiers, sludge-holding tanks, 
sludge conveyors, and trickling filters for containment. For a deep wet well, an exhaust 
pipe can be installed to withdraw air from above the wastewater inflow. Exhaust hoods 
are commonly placed over sludge dewatering equipment, e.g., belt filter presses and 
centrifuges, to reduce indoor air pollution and to treat the released air. In activated- 
sludge plants, contained or exhausted foul air can be cleansed effectively by using it as 
a portion of the air supply to the aeration tanks. 

The common air pollution control system is a countercurrent packed-tower scrub¬ 
ber where a chemical solution, usually hypochlorite or permanganate, is used to oxidize 
airborne odorous compounds. The foul air flows up through the packing, passes through 
a mist eliminator, and exhausts to the atmosphere. The scrabbing chemical solution is 
sprayed down on the packing, flows over the packing, and is collected in the bottom of 
the tank for recirculation. The purpose of the packing is turbulent mixing of the solution 
and air to increase the rate of gas-liquid mass transfer. Fresh chemical is automatically 
added to maintain solution strength and a small amount of spent solution is wasted. 
While some contaminants like hydrogen sulfide are readily adsorbed, organic com¬ 
pounds such as amines and aldehydes are less effectively removed. The mmn advantages 
of the packed-tower scrubber are the ability to process large air flows in an economically 
sized system and to treat effectively a rapid increase in concentration of hydrogen sul¬ 
fide. A similar process is a mist scrubber, which does not contain packing. A strong 
chemical solution is introduced through air-atomizing nozzles to create very fine drop¬ 
lets that adsorb airborne odors by gas-liquid contact. 

An activated-carbon adsorber is a bed through which odorous air is passed to re¬ 
move contaminants. After degradation, the carbon has to be replaced or regenerated. 
Since activated carbon is most effective in removing many organic molecules, an adsor¬ 
ber may follow a packed-tower scrubber to remove organic sulfur and volatile organic 
compounds. 

A biofilter is a bed of organic bulk material used to adsorb and biologically oxidize 
airborne contaminants, including sulfur compounds, ammonia, and hydrocarbons. After 
collection from various treatment processes, the foul air is blown out of perforated pipes 
buried in the bed. Biofiltration can remove a wide variety of air contaminants to a level 
not achievable with packed-tower scrubbing or other absorption systems with chemical 
treatment. The disadvantages are the required space, extensive piping, and energy re¬ 
quired to force the foul air through the bed. 


individual on-site wastewater disposal 


12.33 Septic Tank-Absorption Field System 

Approximately 30% of the population in the United States live in unsewered areas and 
tely on on-site systems for wastewater treatment and disposal. Almost one-third of the 
housing units use septic tanks or cesspools; the majority of the remainder, usually in 
remote locations, use pit privies. 



618 CHAPTER 12 Biological Treatment Processes 


Inspection and 
cleaning ports 



^Ground surface 


Backfill covering trench 
!«', jjtff^Drain tile bf pyfa 

i ViH''! 1 

I » ‘ I n • ‘ . • » • . t i' • I ■ — 




Settled Solids 


Septic tank 


I I 

Seepage of wastewater 

Absorption (betcalaticih) fidld 


Gravel bed 


Figure 12.53 A typical septic tank-absorption field system for on-site disposal 
of household wastewater. 


The installation of a septic tank and absorption field, sketched in Pig. 12.53, has the 
advantages of low cost and underground disposal of effluent. The septic tank is an under¬ 
ground concrete box sized for a liquid detention time of approximately 2 days. With gar¬ 
bage grinde;rs and automatic washers, the recommended minimum capacity is 730 gal 
(2.8 m^) for a two-bedroom house, 900 gal (3.4 m’) for three bedrooms, 1000 gal (3.8 ffl^) 
for four bedrooms, and 250 gal (1.0 m-’) for each additional bedroom. Inspection and 
cleaning ports are accessible for maintenance by removing the earth cover of about 1 ft. 
Inlet and outlet pipe tees, or baffles, prevent clogging of the openings with scum thatac‘ 
cumulates on the liquid surface. The functions of a septic tank are settling of solids, flo¬ 
tation of grease, and anaerobic decomposition and storage of sludge. Retention of large 
solids and grease is essential to prevent plugging of the absorption field. Under normal 
loading, the accumulated sludge (septage) must be pumped from the tank every 3-5 yr. 

A typical absorption field consists of looped or lateral trenches 18-24 in. wide and 
at least 18 in. deep. Drain tile or perforated pipe in an envelope of gravel distributes 
the wastewater uniformly over the trench bottom. Organics decompose in the aerobic- 
facultative environment of the bed and the water seeps downward into the soil. Air enters 
the gravel bed through the backfill covering the trenches and by ventilation through the 
drain tile from the house plumbing stack. The percolation area required depends on soil 
permeability. For a four-bedroom dwelling, the area needed is in th? range of 300- 
1300 ft^ (30-120 m^). Trench area for a particular location can be determined by subsur¬ 
face soil exploration and percolation tests; however, most state environmental control 
agencies and county health departments have guidelines for installations based on local 
conditions. 

The most frequent complaints in the operation of septic tank-absorption field sys¬ 
tems involve plumbing stoppages and odorous seepage appearing at or near the ground 
surface. Plugging of the influent is often the result of excessive accumulation of solids 
due to either overloading or neglecting to pump out the sludge every few years. When 
cleaning a tank, a small amount of the black digesting sludge should be left in the tank 
to ensure adequate bacterial seeding to continue solids digestion. Obstruction of perco¬ 
lation can result for any of the following reasons: construction in soils of low perme¬ 
ability that are inadequate for the seepage, high-water-table conditions that saturate the 
soil profile during the wet-weather season, inadequate design resulting in hydraulic an 
organic overloading, and improper cleaning of the septic tank. 

Soils with a high infiltration rate, although advantageous for effluent disposal, often 
do not have the capacity to absorb contaminants. The result can be serious groundwater 
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pollution, either limited to the area immediately surrounding an absorption field or wide¬ 
spread, depending on the density of housing units. Nearby wells can be polluted with 
(isease-producing microorganisms, particularly vimses. The most common pollutants, 
however, are mobile substances like detergents, and ions such as chloride and nitrate. 


MARINE WASTEWATER DISPOSAL 
12.34 Ocean Outfalls 

An ocean outfall is a pipeline that extends thousands of feet from the shore to relatively 
deep water. At the end of the pipe, a diffuser discharges the wastewater through a series 
of ports spaced to provide initial dilution. After reaching the sea surface, or an inter¬ 
mediate equilibrium level, this mixed plume tends to move with the prevailing currents 
to provide secondary dispersion. Data collected for design of an outfall include physical, 
chemical, biological, and geological conditions. Of particqlar concern is a comprehen¬ 
sive oceanographic study to predict dilution and diffusipn of the wastewater. 

The general water quality objective in marine disposal is to maintain the indigenous 
marine life and a healthy and diverse marine community. Relevant considerations are 
contamination of shellfish with pathogens, toxicity of aquatic life, accumulation of sedi¬ 
ments that impair benthic life, and aesthetics of the ocean surface. 

The beneficial uses of ocean waters to be protected are water contact and noncontact 
recreation, commercial and sport fishing, marine habitat, shellfish harvesting (mussels, 
clams, and oysters), and industrial water supply. 

Effluent requirements, based on samples collected from the outfall pipeline, limit 
both major constituents and toxins for protection of aquatic life and human health. As 
listed in Table 12.9, the major constituents limited by the state of California are grease 
and oil, suspended solids, settleable solids, turbidity, pH, and acute toxicity. The limi- 


Table 12.9 Effluent Quality Limits of Major Wastewater Constituents 
for Ocean Discharge to Protect Marine Aquatic Life_ 


PARAMETER 

MONTHLY 

(30-DAY 

AVERAGE) 

WEEKLY 

(7-DAY 

AVERAGE) 

MAXIMUM 

AT ANY 

TIME 

Grease and oil, mg/1 

25 

40 

75 

Suspended solids, mg/I 

60 with a minimum removal of 75% 

Settleable solids, ml/I 

1.0 

1.5 

3.0 

Turbidity, NTU 

75 

100 

225 

pH 

within limits of 6.0-9.0 at all times 

Acute toxicity, TUa® 

1.5 

2.0 

2.5 


"TUa = — 

96-hr LC 50 

where TUa = toxicity units acute 

LC = lethal concentration, 50% 

Source; Water Quality Control Plan, Ocean Waters of California. State Water Resources Control 
Board (Sacramento, CA: 1990). 
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Figure 12.54 Schematic diagram of marine discharge of wastewater. 


tations of specific toxins, mostly heavy metals and pesticides, are listed separately, and 
BOD is included for domestic wastewater. For municipal wastewaters, these limitations 
can be achieved by pretreatment of industrial wastewaters at industrial sites and conven¬ 
tional biological treatment with chlorination for effluent disinfection. Fish bioassays 
for acute toxicity are conducted with the threespine stickleback. The test species for 
chronic toxicity bioassays preferably include a fish, an invertebrate (shrimp or oyster), 
and an aquatic plant (red algae or giant kelp). Effluent quality limitations for chemicals 
for protection of human health are based on calculated initial dilution as determined 
from a mathematical model. The characteristics of the outfall for inputs to the model 
include length of diffuser, number and spacing of ports, port diameter and angle from 
the horizontal, average depth of ports under mean sea level, and rate of wastewater 
discharge. 

Water quality in the zone of initial dilution (Fig. 12.54) is determined from samples 
collected at boat stations. The physical characteristics of the ocean water in this zone 
are no visible floating particulates, grease or oil, and no aesthetically undesirable dis¬ 
coloration of the ocean surface. Natural light penetration shall not degrade biological 
benthic communities. Chemical changes are not to decrease dissolved oxygen more than 
10%, lower the pH more than 0.2 units, increase dissolved sulfide concentration, in¬ 
crease the concentration of degrading substances in sediments, or increase nutrients 
causing objectionable aquatic plant growths. The biological water quality changes shall 
not degrade vertebrate, invertebrate, or plant species; alter the natural taste, odor, or 
color of fish or shellfish for human consumption; or increase the bioaccumulation of 


toxins in fish or shellfish to a level harmful to human health. 

Water quality in the shore zone for water-contact recreation is monitored by co 
lecting samples for coliform testing from the shoreline into the ocean for a distance o 
1000 ft or to the 30-ft depth contour, whichever is further. The typical standard is an 
average of less than 1000 total coliforms per 100 ml in any 30-day period, with no sing e 
sample exceeding 10,000 per 100 ml. For fecal coliforms, the standard is not to excee 
a geometric mean of 200 per 100 ml, with no more than 10% exceeding 400 per lOOm 
in a 60-day period [26]. In areas where shellfish are being harvested for human con 
sumption, the median total coliform concentration is not to exceed 70 per 100 ml, 


no more than 10% exceeding 230 per 100 ml. 
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Problems 

124. (a) How do autotrophic bacteria gain energy? (b) Why do some bacteria convert 
ammonia to nitrate [Eqs. (12.1) and (12.2)], whereas others reduce nitrate to 
nitrogen gas [Eq, (12.12)]? (c) Hydrogen sulfide emitted by septic wastewater 
and sludge is too weak an acid to cause significant corrosion, yet when hydrogen 
sulfide is present, concrete deteriorates and iron corrodes. Explain this phenome¬ 
non, (d) What promotes the growth of iron bacteria in water pipes distributing 
well water? How do these bacteria contribute foul tastes and odors to the water? 

12.2. List the major nutritional and environmental conditions necessary to culture 
algae in a laboratory container. 

12.3. A fresh wastewater containing nitrate ions, sulfate ions, and dissolved oxygen is 
placed in a sealed jar without air. In what sequence are these oxidized com¬ 
pounds reduced by the bacteria? Why is dissolved oxygen the preferred hydro¬ 
gen acceptor? When do obnoxious odors appear? 

12.4. Discuss the relationships among metabolism, energy, and synthesis and the ef¬ 
fect of these on growth under aerobic and anaerobic conditions. Include com¬ 
ments on growth rates, extent of metabolism, and limiting factors under the two 
environments. 

12.5. Why is bacterial synthesis for the same quantity of substrate greater in an aerobic 
environment than under anaerobiosis? 

12.6. What are the relationships between biomass and substrate in the exponential 
growth and declining growth phases of a pure bacterial culture? List the charac¬ 
teristics of the endogenous growth phase. 

12.7. What is the mathematical relationship for growth kinetics of a pure bacterial 
culture proposed by Monod and graphed in Fig. 12.6? How does this relate to 
enzymatic reactions as defined by Michaelis and Menten? 

12.8. A series of fermentation tubes containing varying concentrations of glucose in a 
nutrient broth were inoculated with a pure bacterial culture. The concentrations 
of cells in the broth media were determined after 16 hr of incubation at 37° C. 
Rates of growth and initial glucose concentrations are listed below. Plot growth 
rate expressed as cell divisions per hour versus initial glucose concentration. 
Estimate the maximum growth rate and the saturation constant (glucose concen¬ 
tration at one-half the maximum growth rate). Write an equation in the form of 
Eq. (12.25), and draw the curve for this equation on the graph with the plotted 
data. Does the growth of this pure culture appear to be a hyperbolic function as 
defined by the Monod relationship? 


Glucose 
(moles X 10"'*) 

Cell 

divisions 
(per hr) 

Glucose 
(moles X 10““*) 

Cell 

divisions 
(per hr) 

0.1 

0.23 

0.8 

0.94 

0.1 

0.28 

1.6 

1.06 

0.2 

0.32 - 

3.2 

1.15 

0.4 

0.71 
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12.9. How is growth yield determined? 

12.10. (a) How does temperature affect biological processes? (b) The rate of BOD re¬ 
duction in aeration of a synthetic wastewater decreased 25% when the tempera¬ 
ture of the laboratory fermentation tank was lowered from 20°C to IS^C. Usiiig 
Eq. (12.35), calculate the temperature coefficient. How many degrees tem¬ 
perature drop are required to reduce the rate of BOD reduction Iqy ppe-|^£ilf? 

12.11. State the two main reasons why an activated-sludge system is opefate^ 
tively low food/microorganism ratio. 

12.12. Why are bacteria rather than protozoans the primary feeders in activated slpdge? 

12.13. Why is impending failure of an anaerobic digestion process forecast by ap in¬ 
crease in the percentage of carbon dioxide in the gas produced? 

12.14. (a) Describe the role of algae in biological stabilization of wastewater iq a sta¬ 
bilization pond, (b) What is wrong with the following statement? “The key to 
waste stabilization in a pond is the algal growth; overloading kills the algae, 
whereas they thrive on a reasonable supply of organic matter." 

12.15. The average annual wastewater flow of a municipality is 24 tpgd with qp PY?!' 
age BOD concentration of 200 mg/j and suspepded-solids ppppeptf^dQH 
220 rag/1. Based on the equations in Sectipp 12. iQ, estimate % qvtir&p? 
peak month and average annual peak day of wastewater flows, RQD loads, and 
suspended-solids loads. 

12.16. The average wastewater flow and strength anticipated during the maximwia 
month of the year are often used for design. If the annual average wastewatef 
flow and characteristics are estimated to be 32,000 m-Vd with 250 mg/1 of BOD 
and 280 mg/1 of suspended solids, what are the values likely to be for the peak 
month, using the equations in Section 12.10? 

12.17. The wastewater from a synthetic textile manufacturing plant is discharged to a 
municipal treatment plant for processing with domestic wastewater. The charac¬ 
teristics of the synthetic textile wastewater are 1500 mg/1 BOD, 2000 mg/l SS, 
30 mg/l nitrogen, and no phosphorus. The characteristics of the domestic waste¬ 
water are listed in Table 12.1. If the required BOD/N/P weight ratio is 10Q/5/!> 
what is the minimum quantity of domestic wastewater required per lOQQ gql pf 
textile wastewater to provide adequate nutrients for biological treatippnt? 

12.18. The wastewater from the manufacture of synthetic chemicals ^ 

water flow of 779 mVd containing 4300 mg/l of BOD, 1200 mg/l of 
solids, 70 mg/l of nitrogen, and negligible phosphorus. YqU asKPti 19 
ommend dosages of pure NH4NO3 aqd H3PO4 to be applied for 
treatment. After the biological process is stabilized, how would yOH 
your recommended dosages were correct? 

124.9. A pharmaceutical wastewater needs a minimum POP/N/P of 100/3,0/0’*^ fof 
biological treatment. The wastewater gharacteristics ^e POP ’ 

suspended solids = 250 mg/l, soluble pitrogeq = 24 mg/l, aud soluble ph^s 
phoms = 12 mg/l. What ammonium nitrate and phosphorie aeid 
would you recommend to ensure adequate nutrients for a daily flow of 28 W 
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I3j20f The wastewater from a candy manufacturer is 97,700 gpd with a BOD concen¬ 
tration of 1560 mg/1. Calculate the BOD equivalent population and the hydraulic 
equivalent population. 

mh A meat-processing plant discharges 10,000 mVd of wastewater containing 
1300 mg/1 of BOD, 960 mg/1 of suspended solids, 2500 mg/1 of COD, and 
460 mg/1 of grease. Calculate the BOD equivalent population and the hydraulic 
equivalent population. 

\%%%, The municipal wastewater flow from a city with a population of 150,000 is 
76,000 piVd with a BOD equal to 320 mg/1. Compute ^e BOD equivalent popu- 
Jgtion fpi: |he wnstew^ter flow. 

12.23, The domestic ^nd industrial waste from a community consists of 100 gpcd 
from 7500 persons; 65,000 gpd from a milk-processing plant with a BOD of 
1400 nrg/l; and 90,000 gpd containing 450 lb of BOD from potato-chip manu¬ 
facturing. Calculate the combined wastewater flow, BOD concentration in the 
composite waste, and BOD equivalent population. 

J.2.24. The combined wastewater flow from a community includes domestic waste from 
^ sewered pppul^tion of 2000 and industrial wastes from a dairy and a poultry- 
dressing p}4pj:. The poultry plant discharges 125 mVd and 136 kg of BOD/d. The 
dairy produces a flow of 190 mVd with a BOD concentration of 900 mg/1. Esti- 
niate rhe |tota] combined wastewater flow from the community and the BOD 
concentrstjpn in the composite discharge. 

12.25, A town with a sewered population of 4000 has a daily wastewater flow (includ¬ 
ing industrial wastewaters) of 1600 m-^ and an average BOD of 280 mg/1. The 
industrial discharges to the municipal sewers are 60 m^ at 1800 mg/I BOD from 
a meat-processing plant and 100 m’ at 400 mg/1 BOD from a soup-canning 
plant. Determine the contribution of domestic flow in liters per person and the 
BOD in grams per person based on the town’s wastewater, excluding the indus¬ 
trial wastewaters. 

12.26. The municipal wastewater flow from a town is 1890 mVd with an average BOD 
of 280 mg/1. Assuming 35% BOD removal in the primary, calculate the size 
required for one single-stage trickling filter. Use a depth of 2.1 m, a BOD loading 
of 480 g/m^*d, and minimum required hydraulic loading. Compute the BOD 
concentration in the effluent at 20° C and 15° C, using the NRC formula and 
terpperatpre correction relationship in Eq. (12.25). 

h single-stage trickling-filter plant (Fig. 12.21) is proposed for treating a dilute 
Wastewater with a BOD concentration of 170 mg/1. The plant is located in a 
wnrtn eliptiate apti the minimum wastewater temperature anticipated is 16°C. 
Using a fecircnlation ratio of 0.5, what is the maximum allowable BOD loading 
for a stpne-tnpldia flltef to achieve an average effluent BOD of 30 mg/1? 

13»28» The sizing of primary clarifiers is generally based on the average weekday flow 
during thg tirng of the year of greatest flow. If the plant is a trickling-filter system, 
gravity return of underflow from the final clarifier to the wet well is performed 
for recirpulation during periods of low influent flow (Fig. 12.21). This recircu¬ 
lation flow, usually 0.5(2 or less as diagrammed in Fig. 12.16(a), is necessary to 
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maintain rotation of the distributor arm at night and to provide adequate hydrau¬ 
lic loading of the filter media. Should the size of primary clarifiers be increased 
to account for this low-flow recirculation? Explain. 

12.29. Estimate the effluent BOD for the two-stage trickling-filter plant designed in 
Example 12.5 for a wastewater flow of 1.2 mgd with a BOD concentration of 
250 mg/1. 

1230. Determine the NRC BOD removal efficiency for a two-stage trickling-filter plant 
based on the following; primary clarification with 35% BOD reduction, first- 
stage filters loaded at 80 lb/1000 ftVday, intermediate settling, second-stage 
filters sized identical to the first-stage units, an operating recirculation ratio of 
1.0 for all filters, final clarification of the effluent, and a wastewater temperature 
of 18“C. 

12.31. An existing single-stage trickling-filter plant cannot meet the effluent limitation 
of 30 mg/1 BOD during cold weather. In operation under the design loading with 
the wastewater temperature at 15°C, the plant influent BOD is 240 mg/1, the 
primary effluent BOD equals 155 mg/1, and the plant effluent averages 55 mg/1. 
The proposed modification is the addition of a second-stage trickling filter and 
final clarifier to reduce the effluent BOD from 55 to 30 mg/1 with a wastewater 
temperature of 15®C. Under normal operation, the recirculation flow in the 
second-stage filtration is to be one-half of the average wastewater flow entering 
the plant. Calculate the design BOD loading that should be used to determine 
the volume of stone media needed in the proposed second-stage filter. 

1232. The following are design data for the town of Nancy, with a sewered popula¬ 
tion of 7600. Design flows are as follows: the average daily flow is 0.84 mgd, 
the peak hourly flow is 1.25 mgd, and the minimum hourly flow is 0.12 mgd. 
Design average BOD equals 1740 Ib/day and average suspended solids equal 
1530 Ib/day. Calculate the following: equivalent population based on 0.20 lb of 
BOD per capita; design flows in units of gpm, ft-Vsec, m-Vinin, and mVd; mean 
BOD and SS concentrations in mg/1. 

12.33. Consider the feasibility of treating the wastewater from the town of Nancy 
(Prob. 12.32) in a single-stage stone-media trickling-filter plant as diagrammed 
in Fig. 12.21. The treated wastewater is required to meet the effluent standards 
of 30 mg/1 of BOD and 30 mg/1 of suspended solids at a wastewater temperature 
of 15®C. Assume a primary BOD removal efficiency of 35%. Size the trickling 
filters based on a BOD loading of 35 lb/1000 ft^/day, recirculation ratio of 0.5, 
and a stone-media depth of 7.0 ft. Calculate the volume of filter media required, 
filter surface area, hydraulic loading with recirculation in gallons per minute per 
square foot, and effluent BOD concentration using the NRC formula. 

1234. Consider the feasibility of treating the wastewater from the town of Nancy 
(Prob. 12.32) in a two-stage stone-media trickling-filter plant with intermediate 
clarification. The treated wastewater is required to meet the effluent standards of 
30 mg/1 of BOD and 30 mg/1 of suspended solids at a wastewater temperature 
of 15®C. Assume a primary BOD removal efficiency of 35%. Calculate the vol- 
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urae of filter media required at a BOD loading of 35 lb/1000 Mday and divide 
the resulting volume equally between the first-stage and second-stage filters. Use 
a filter media depth of 7.0 ft. Assuming a recirculation ratio of 0.5 for both filters, 
determine the effluent BOD concentration using the NRC formulas. 

12.35. Consider the feasibility of treating the wastewater from the town of Nancy 
(Prob. 12.32) in a single-stage trickling-filter plant, as diagrammed in Fig. 12.21, 
using high-density cross-flow media with a specific surface area of 42 ft’/ft^ Use 
the same filter surface area as calculated for stone-media filtration in Prob. 12.33 
(A = 4600 fP) and a recirculation ratio of 0.5. The design wastewater tempera¬ 
ture is 15°C. As determined from laboratory testing, the soluble (filtered) BOD 
of the primary effluent is 100 mg/1 or less, compared to the unsettled unfiltered 
BOD of 160 mg/1. The soluble effluent BOD concentration of trickling-filter 
plants treating similar wastewaters is approximately 50% of the unfiltered BOD 
concentration. From pilot-plant studies and full-scale experience, the manufac¬ 
turer of the cross-flow media recommends a reaction-rate coefficient at 20® C of 
0.0030 (gpm/ft^)'’ * for a media depth of 6.6 ft (2.0 m). From these data, calculate 
the soluble effluent BOD and double this value for the estimated effluent BOD. 

12.36. A single-stage, trickling-filter plant consists of a primary clarifier, a trickling 
filter 70 ft in diameter with a 7-ft depth of random packing, and a final clarifier. 
The raw-wastewater flow is 0.80 mgd with 200 mg/1 of BOD and a temperature 
of 15°C. The constants for the random plastic media are an n of 0.44 and Kzo of 
0.090 min”‘. Assuming 35% BOD removal in the primary, calculate the effluent 
BOD concentration (a) without recycle and (b) with an indirect recirculation to 
the wet well of 0.40 mgd and direct recirculation of 0.80 mgd. 

12.37. A single-stage, high-rate trickling-filter plant treating wastewater with 200 mg/1 
of BOD cannot meet the effluent standard of less than 30 mg/1 of BOD. Primary 
settling removes 35 % of the raw-wastewater BOD and the 7-ft-deep filters have an 
efficiency of 75% under a loading of 40 lb/1000 ftVday of BOD and a hydraulic 
loading or 0.18 gpm/ft^ without recirculation. This provides average effluent 
BODs of 30-35 mg/1 during the summer and 40-45 mg/1 during the winter. 
One proposal is to replace the stone media with the random packing described 
in Example 12.6, which has constants n = 0.39 and K 20 = 0.120 min~‘; cover 
the filters with fiberglass domes to prevent the wastewater from cooling below 
16®C in winter; and modify the plant to provide both direct and indirect recir¬ 
culation. Calculate the effluent BOD at 16°C for the filters packed with the ran¬ 
dom plastic media at /? = 1.0, 

12.38. Using Eq. (12.57) developed in Example 12.6, plot the filtered BOD remaining 
versus depth in a filter with 20 ft of random packing. Assume an applied filtered 
BOD of 100 mg/1 and a hydraulic loading of 0.35 gpm/fF. 

12.39. A pilot-scale study was conducted to determine the reaction-rate coefficient for 
cross-flow media treating a settled municipal wastewater. The tower was 1.2 m 
by 1.2 m square with a 6.0-m depth of media, which had a specific surface area 
equal to 98 mVm^. From the following data, plot a graph as shown in Fig. 12.27 
and determine ^ 20 - Assume n = 0.5 and 0 = 1.035. 
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Q 

(l/m^-s) 

T 

(°C) 

Influent 

Effluent 

BOD 

(mg/1) 

5^0 

(mg/1) 

BOD 

(mg/1) 

s. 

(mg/1) 

1.03 

18 

92 

54 

25 

14 

0.64 

23 

90 

52 

18 

10 

0.47 

21 

104 

54 

17 

9 

1.06 

19 

72 

48 

23 

12 

0.97 

24 

77 

43 

20 

10 

0.70 

20 

85 

45 

17 

11 


12.40. A biological tower has vertical-flow packing with a ^20 = 0.0014 (gpm/ffl)“, 
n = 0.50, and = 36 ftVft^ The tower is cylindrical, with a diameter of 32 ft 
and depth of packing of 16 ft. The primary effluent is 0.60 mgd with 80 mg/1 of 
soluble BOD at a temperature of 14°C. Direct recirculation is 400 gpm and the 
final clarifier is properly sized. Calculate the soluble BOD loading, hydraulic 
loading, and soluble effluent BOD using Eq. (12.53). 

12.41. A stone-media trickling filter with a depth of 7.0 ft cannot produce an effluent 
with an average BOD equal to or less than 30 mg/1, as specified in the dis¬ 
charge permit. From a field study, the operational data for the filter and final 
clarifier were as follows; hydraulic loading on the filter from primary clarifier = 
0.35 gpm/fF; settled wastewater from the primary clarifier BOD = 126 mg/1 
and soluble BOD = 68 mg/1; final clarified effluent BOD = 48 mg/1 and soluble 
BOD = 26 mg/1; wastewater temperature = 18°C; and recirculation ratio of 1.0, 
Since the stone media were in poor condition and causing plugging of the voids, 
one of the recommendations for remedial action was to install high-density 
cross-flow packing with a specific surface area = 42 fF/fF, n = 0.50, and ^20 = 
0.0035 (gpm/fF)“ Using Eq. (12.53), calculate the effluent BOD for cross-flow 
packing based on field-study data for hydraulic loading, influent soluble BOD, 
temperature, and recirculation ratio. Assume that the effluent BOD would have 
the same fraction of soluble BOD as in the field study, 26/48 = 0.54. 

12.42. Calculate the required surface area and the minimum required recirculation 
ratio based on the following: cross-flow media with ^20 == 0.0018 (gpm/fF) < 
As = 42 fF/fF, n = 0.5, and D = 20 ft; settled wastewater flow Qp = 0.50 mgd, 
minimum wetting rate = 0.7 gpm/fF; influent BOD = 162 mg/1, Sp = 80 mg/1, 
and temperature = 15°C; and effluent BOD = 20 mg/I and 5,. = 10 mg/I. At the 
calculated surface area, what is the BOD loading in pounds per 1000 fF per day. 

12.43. Calculate the RBC surface area required for secondary treatment of wastewater 
for the town of Nancy (Prob. 12.32). Assume 35% BOD removal in the primary, 
a required effluent quality of 30 mg/I of BOD, and wastewater temperature 
of50°F. 

£ 

12.44. A community with a wastewater flow during the peak month of the year 0 
2.0 mgd at 15°C is considering constructing a new treatment plant. The com¬ 
position of the raw wastewater is as shown in Table 12.1, and the effluent linuts 
are 30 mg/1 of BOD, 30 mg/1 of suspended solids, and fecal coliform count 0 
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less than 200 per 100 ml. Sketch flow diagrams for the treatment systems listed 
below, showing the arrangement of unit processes (i.e., tanks, pumping sta¬ 
tions, and division boxes) and major pipelines (i.e., for wastewater, recycle, and 
sludge). Assume sludge stabilization is by anaerobic digestion and dewatering 
on drying beds. Duplication of treatment units is necessary, so if any unit is out 
of service for maintenance the wastewater can still be processed through the 
plant, although the effluent quality may be reduced. No pipelines are allowed to 
bypass raw or settled wastewater to the plant outlet. Standby generators are pro¬ 
vided for emergency operation during electrical power outage. (For examples of 
plant layouts, refer to Figs. 9.6 and 9.8.) List numerical design guidelines for 
sizing each treatment unit, except pumps and sludge processing. 

a. Preliminary treatment with constant-speed pumps 

b. Preliminary treatment with variable-speed pumps 

c. Two-stage trickling-filter plant with stone-media filters 

d. Trickling-filter plant with single-stage biological towers 

e. Rotating biological contactor plant 

12.45. The following are average operating data from a conventional activated-sludge 
secondary: wastewater flow = 7.7 mgd, volume of aeration tanks = 300,000 ffl = 
2.24 mil gal, influent total solids = 600 mg/1, influent suspended solids = 
120 mg/1, influent BOD = 173 mg/1, effluent total solids = 500 mg/1, effluent 
suspended solids = 22 mg/1, effluent BOD = 20 mg/1, mixed-liquor sus¬ 
pended solids = 2500 mg/I, recirculated sludge flow = 2.7 mgd, waste sludge 
quantity = 54,(X)0 gpd, and suspended solids in waste sludge = 9800 mg/1. 
Based on these data, calculate the following; aeration period; BOD loading in 
lb/1000 ftVday; F/M ratio in lb BOD/day/lb MLSS; total solids, suspended sol¬ 
ids, and BOD removal efficiencies; sludge age; and return sludge rate. 

12.46. A conventional activated-sludge system treats 11,000 mVd of wastewater with a 
BOD or 130 mg/1 in an aeration tank with a volume of 3400 m^ The operating 
conditions are an effluent suspended solids of 20 mg/1, an MLSS concentration 
maintained in the aeration tank of 2500 mg/1, and an activated-sludge wasting 
rate of 160 m^/d containing 8000 mg/1. From these data, calculate the aeration 
period, volumetric BOD loading, F/M loading, and sludge age. 

12.47. Determine the activated-sludge aeration volume required to treat 2.64 mgd 
with a BOD of 120 mg/1 based on the criteria of a maximum BOD loading of 
40 lb/1000 ftVday and a minimum aeration period of 5.0 hr. Assuming an oper¬ 
ating F/M of 0.20 lb BOD/day per lb of MLSS, calculate the MLSS to be main¬ 
tained in the aeration tank. Estimate the operating sludge age, assuming an 
effluent suspended solids of 30 mg/1 and the daily amount of waste-sludge solids 
from Fig. 13.1. Determine the diameter and side-water depth of two identical 
final clarifiers of the type shown in Fig. 10.25 for this activated-sludge system. 

12.48. Determine the volume of three identical activated-sludge tanks following pri¬ 
mary clarification to aerate 36,000 mVd with a BOD concentration of 180 mg/1 
at a BOD loading of 560 g/m^ • d. What is the aeration time? For an F/M of 0.35, 
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what MLSS concentration should be maintained in the aeration tanks? Estimate 
the operating sludge age, assuming an effluent suspended solids of 30 mg/1 and 
the daily amount of waste-activated sludge solids from Fig. 13.1. If the waste 
sludge has a concentration of 10,000 mg/1, what is the calculated volume of 
sludge to be wasted each day? Determine the dimensions of three identical 
rectangular clarifiers (length, width, and side-water depth) with a 2:1 length-to- 
width ratio. 

12.49. A treatment plant has two oxidation-ditch activated-sludge systems, as illus¬ 
trated in Fig. 12.36. Each ditch has a liquid volume of 35,000 ft^ and is equipped 
with 2 horizontal-rotor aerators with capacity to transfer 1150 lb of oxygen per 
day at normal submergence. Each system has a clarifier of the type illustrated in 
Fig. 10.25 with a diameter of 30 ft, a 9.0 ft side-water depth, and a single weir 
set on a diameter of 30 ft. The effluent chlorination tank has a volume of 2200 ft’. 
The design flow is 0.54 mgd: 0.35 domestic and commercial, 0.02 industrial, 
and 0.17 infiltration and inflow. The design BOD and suspended solids are 
both 740 lb/day. During heavy rains, the peak hydraulic loading anticipated is 
800 gpm for 2-3 hr. Calculate the (a) BOD concentration at design flow and 
(b) at design flow, the aeration period, volumetric BOD loading, and F/M at 
2500 mg/1. How do these compare with values listed in Table 12.3? (c) How 
many pounds of oxygen can be transferred to the mixed liquor per pound of 
BOD aeration tank loading? (d) Calculate the overflow rate and weir loading at 
the peak hydraulic loading. How do these values compare with recommended 
design values? (e) What is the detention in the chlorination tank at peak hy¬ 
draulic flow? At twice the design flow? How do these values compare with the 
recommended detention time for chlorination of wastewater effluent? 

12.50. The high-purity-oxygen process illustrated in Fig. 12.39 is being considered for 
treatment of an unsettled domestic wastewater flow of 1.40 mgd with an average 
BOD of 200 mg/1. Compute the aeration volume required based on a maximum 
allowable BOD loading of 130 lb/1000 ft-Vday and minimum aeration period of 
1.8 hr. For this system, what is the F/M ratio in terms of lb of BOD/day/lbof 
MLVSS, assuming an MLSS of 5500 mg/1, that is 75% volatile? 

12.51. Size an extended aeration system for the town of Nancy (Proh, 12.32). Provide 
two identical activated-sludge aeration tanks with diffused aeration and final 
clarifiers. The treated wastewater is required to meet the effluent standards of 
30 mg/1 of BOD and 30 mg/1 of suspended solids at a wastewater temperature 
of 15'’C. The sludge is to be stabilized by aerobic digestion and dewatered on 
drying beds. 

12.52. Refer to the instructions given in Prob. 12.44. (a) Sketch a flow diagram showing 
the arrangement of unit processes and major pipelines for a treatment system® 
primary sedimentation followed by a step-aeration secondary and sludge sta i 
lization by anaerobic digestion, (b) Sketch a flow diagram for a treatment system 
of extended aeration with aerobic sludge digestion. For both systems, list nu 
merical design guidelines for sizing the unit processes, except 'prelimin^tyt 
ment and sludge processing. 



Problems 629 


12.53. List the major assumptions made in the derivation of the mathematical model 
for biological kinetics of the activated-sludge process. What are the limitations 
in applying the kinetics equations given in Section 12.22? 

12.54. A municipal wastewater containing both domestic and food-processing waste- 
waters was tested to determine the kinetic constants using a laboratory apparatus 
similar to the bench-scale unit shown in Fig. 12.42. The volume of the aeration 
chamber was 10 1, and the wastewater feed was established at a constant rate of 
30.01/d to provide an 8.0-hr aeration period for all of the test runs. A measured 
volume of sludge was wasted once a day from the tank. Determine Y, k^, k, and 
Ks from the following laboratory data using the procedure in Example 12.16: 


Q 

(l/d) 

(mg/l) 

Q. 

(1/d) 

X 

(mg/l) 

Se 

(mg/l) 

X, 

(mg/l) 

30.0 

150 

0.31 

2460 

2.5 

7.7 

30.0 

150 

0.53 

1690 

3.3 

6.5 

30.0 

150 

0.98 

1320 

4.4 

5.6 

30.0 

150 

\21 

1080 

5.9 

5.0 


12.55. Example 12.15 illustrates the application of the kinetics model in sizing the aer¬ 
ation volume required for a completely mixed activated-sludge process. What 
operating parameters must be assumed in the design procedure? 

12.56. A completely mixed activated-sludge process is being designed for a wastewater 
flow of 3.0 mgd using the kinetics equations. The influent BOD of 180 mg/1 is 
essentially all soluble and the design effluent soluble BOD is 10 mg/1. For sizing 
the aeration volume, the mean cell residence time is selected to be 8.0 days and 
the MLVSS 2500 mg/1. The kinetic constants from a bench-scale treatability 
study are as follows: Y = 0.60 lb VSS/lb BOD, kj = 0.06 day', K, = 60 mg/1, 
and k = 5.0 day '. 

12.57. The aeration tank for a completely mixed aeration process is being sized for 
a design wastewater flow of 7500 mVd. The influent BOD is 130 mg/1 with a 
soluble BOD of 90 mg/1. The design effluent BOD is 20 mg/1 with a soluble 
BOD of 7.0 mg/1. Recommended design parameters are a sludge age of 10 d and 
volatile MLSS of 1400 mg/1. Selection of these values takes into account the 
anticipated variations in wastewater flows and strengths. The kinetic constants 
from a bench-scale treatability study are Y = 0.60 mg VSS/mg soluble BOD 
and kd = 0.06 per day. 

12.58. A step-aeration activated-sludge system at a loading of 40 lb of BOD/1000 ft^/day 
requires an air supply of 1200 ftVlb of BOD applied to maintain an adequate 
dissolved-oxygen level. The measured average oxygen utilization of the mixed 
liquor is 36 mg/l/hr. Calculate the oxygen transfer efficiency. 

12.59. An air supply of 1000 ft-'* of air is required per pound of BOD applied to a dif¬ 
fused aeration basin to maintain a minimum DO of 2.0 mg/1. Assuming that the 
installed aeration equipment is capable of transferring 1.0 lb of oxygen to dis- 
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solved oxygen per pound of BOD applied, calculate the oxygen transfer effi¬ 
ciency of the system. (One cubic foot of air at standard temperature and pressure 
contains 0.0174 lb of oxygen.) 

12.60. A 10-hp surface aerator was tested in a tank filled with 9200 ft^ of tap water at 
22®C by the non-steady-state procedure. The dissolved-oxygen saturation was 
assumed to be the standard value of 8.8 mg/1 from Table A. 10. Based on the 
following time and dissolved-oxygen data, determine the value of Kia corrected 
to 20“C. Also calculate the oxygen transfer rate in pounds per horsepower-hovu. 


t 

(min) 

C 

(mg/1) 

t 

(min) 

c, 

(mg/I) 

0 

0 

8.0 

5.5 

2.0 

3.0 

11.0 

6.3 

4.0 

4.3 

14.0 

7.1 

6.0 

5.0 

17.0 

7.6 


12.61. A 40-hp surface aerator was tested in a 120-ft-diameter tank with a water depth 
of 8.0 ft. Cobalt chloride catalyst and sodium sulfite were added to the tap water 
in the tank to remove the dissolved oxygen. The water temperature was 21.9“C, 
and the dissolved-oxygen saturation was 8.7 mg/1. During the test, the average 
electric power usage was 33.1 kW, which at 90% efficiency is equivalent to 
40.0 hp. From the following time and dissolved-oxygen data, determine the 
value of Ki^a corrected to 20“ C, and calculate the oxygen transfer rate in pounds 
per horsepower-hour. 


t 

(min) 

C 

(mg/1) 

t 

(min) 

c, 

(mg/1) 

0 

0 

23 

6.5 

2 

1.0 

28 

7.1 

4 

1.9 

33 

7.5 

6 

2.7 

38 

7.7 

8 

3.1 

43 

7.9 

13 

4.9 

48 

8.0 

18 

5.9 

58 

8.3 


12.62. Calculate the surface area required for a stabilization pond to serve a domestic 
population of 1000. Assume 80 gpcd at 210 mg/1 of BOD. Use a design loading 
of 20 lb of BOD/acre/day. If the average liquid depth is 4 ft, calculate the reten 
tion time of the wastewater based on influent flow. The effluent is sprea on 
grassland by spray irrigation at a rate of 2.0 in./week (54,300 gal/acre w )• 
Compute the land area required for land disposal. In these computations, assume 
no evaporation or seepage losses from the ponds. 

12.63. Facultative stabilization ponds with a total surface area of 6.0 ha (1 ha ^ 
10,000 m^) serve a community with a waste discharge of 530 mVd at a B o 
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280 mg/1. Calculate the BOD loading and days of winter storage available be¬ 
tween the 0.6- and 1.5-m depths, assuming a daily water loss of 0.30 cm by 
evaporation and seepage. 

12.64. Stabilization pond computations are required for the town of Nancy (Prob. 
12.32). (a) Calculate the lagoon area required for a design loading of 40 lb of 
BOD/acre/day. (b) Determine the percentage of the average design flow that 
appears as effluent from the lagoons, assuming a water loss from the ponds of 
60 in./yr (seepage plus evaporation minus precipitation), (c) Using the water- 
balance data from part (b), calculate the BOD removal efficiency if the average 
BOD concentrations in the influent and effluent are 250 mg/1 and 25 mg/1, re¬ 
spectively. (d) How many acres of cropland are needed to dispose of the effluent 
by spray irrigation if the application rate is 2.0 in./week year-round? 

12.65. Design a layout of stabilization ponds for the town of Nancy (Prob. 12.32) based 
on the following criteria: (1) BOD loading in the primary cells cannot exceed 
25 Ib/acre/day, (2) minimum total water volume with the ponds full to a 5.0-ft 
depth in primary cells and 8.0-ft depth in secondary cells cannot be less than 
120 days times the design flow, (3) volume for winter storage above water depths 
of 1.5 ft should be sufficient so that no discharge is necessary for a 4-month 
period when the net water loss (evaporation plus seepage minus precipitation) is 
1.0 in./month, and (4) the system should have at least two primary cells and at 
least two secondary cells that cannot receive raw wastewater. 

12.66. The wastewater flow from a small town is 240 m^/d with a BOD of 180 mg/I 
and SS of 210 mg/1. Size and sketch a layout for a stabilization pond'arrange- 
ment consisting of two identical primary cells, which can be operated in parallel, 
and one secondary cell. The primary cells can have a maximum water depth of 
1.5 m, and the secondary cell can have a maximum depth of 2.5 m. The mini¬ 
mum operating water depth in all cells is 0.5 m. Determine the dimensions of 
the ponds based on the following criteria: (1) The BOD loading on the primary 
cells cannot exceed 4.0 g/m^’d. (2) The water storage capacity considering all 
three cells must be at least 120 d between the minimum and maximum water 
levels, with allowance for a water loss of 2.0 mm/d by evaporation and seepage. 

12.67. A completely mixed aerated lagoon is being considered for pretreatment of a 
strong industrial wastewater with k = 0.70 at 20° C and 0 = 1.035, using 
a detention time of 4 days. What is the BOD reduction at 20°C based on 
Eqs. (12.99) and (12.100)7 If the wastewater temperature is 10°C, compute the 
detention time required to achieve the same degree of treatment. 

12.68. A manufacturer’s specified oxygen transfer capacity of a surface-aeration unit is 
3.0 lb of oxygen/hp-hr. Using Eq. (12.102), calculate the oxygen transfer capa¬ 
bility of this unit for an o; = 0.9, /3 = 0.8, a temperature of 20°C, and a dis- 
solved-oxygen level of 2.0 mg/1 in the lagoon water. 

12.69. The rate of oxygen transfer for a surface aerator is specified by the manufacturer 
as 4.2 lb/hp*hr at standard conditions. Calculate the actual rate of transfer for a 
40-hp aerator in a lagoon using a beta coefficient = 0.8, alpha coefficient = 0.9, 
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and residual oxygen concentration = 2.0 mg/1 at wastewater temperatures of 
and 15°C. If the efficiency of the electric drive motor is 90%, what is the 
electric power usage for the 40-hp aerator? 

12.70. An aerated lagoon with a 10-ft depth and liquid volume of 175,000 cu ft treated 
an average of 0.20 mgd of wastewater with a BOD of 550 mg/1 (920 lb of 
BOD/day). The anticipated temperature extremes of the aerating wastewater 
range from 10°C in winter to 30° C in summer. The two 15-hp surface aerators 
recommended for adequate mixing and oxygenation have the manufacturer’s 
guarantee to provide an oxygen transfer of 2.5 lb/hp*hr under standard condi¬ 
tions. Based on laboratory treatability studies, the wastewater has the following 
characteristics: k 2 o = 0.68 per day, 0 = 1.047, a = 0.9, /3 = 0.8, and an oxy¬ 
gen utilization rate of 1.0 lb of oxygen to satisfy 0.8 lb of BOD removal. Is 
the lagoon adequately sized? For a minimum BOD reduction of 75 percent, is 
the aeration capacity adequate? 

12.71. A completely mixed aerated lagoon with a volume of 1.0 mil gal is to treat 
a daily wastewater flow of 250,000 gal with a BOD of 400 mg/1. The liquid 
temperature ranges from 4°C in the winter to 30° C in the summer. There are 
four 5.0-hp surface aerators rated at 2.0 lb of oxygen/hp-hr. The wastewater 
characteristics are 0 = 1.035, a = 0.9, /3 = 0.9, k = 0.80 per day at 20°C, and 
a = l.O lb of oxygen utilized/lb of BOD removed. The designer states that this 
system will remove at least 400 lb of BOD/day and maintain a dissolved-oxygen 
concentration greater than 2.0 mg/1. Verify or disprove these claims by appro¬ 
priate calculations. 

12.72. Design a layout for an aerated lagoon followed by two secondary facultative 
ponds to treat a combined food-processing and domestic wastewater. The design 
flow is 200,000 gpd containing 1100 lb of BOD. The water temperatures in the 
aerated lagoon are expected to range from 2°C in winter to 25°C in summer. 
Determine the size and shape of the aerated lagoon and the number and horse¬ 
power of the surface aerators based on the following parameters: a = 0.9, 
yS = 0.8, k = 0.90 per day at 20° C, a = 1.0 lb of oxygen required per lb of BOD 
removed, a minimum of 80% BOD removal, and an aerator oxygen transfer rate 
Ro= 2.33 lb of oxygen/hp-hr. The BOD loading on the two facultative ponds 
receiving the aerated wastewater is limited to 20 lb BOD/acre/day, and the sto^ 
age volume of the ponds between the minimum water depth of 1.5 ft and maxi¬ 
mum of 5.0 ft must be equal to or greater than 4 months of wastewater discharge 
at design flow. 

12.73. The superintendent of a conventional activated-sludge plant receives complaints 
from nearby residents and businesses about odors, particularly in the summer. 
After a comprehensive field investigation, the major sources were found to be 
emissions of predominantly hydrogen sulfide from the grit chamber and pn- 
mary clarifiers. Apparently, in the summer, convection lifts the foul air over the 
bushes and trees in the buffer zone and in the summer people are more likely 
to be outside or have their windows open. You are asked to recommend alterna¬ 
tive schemes for containing and cleansing the foul air before release to the 
atmosphere. 
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12.74. Recommend the minimum wastewater treatment processes to produce an efflu¬ 
ent to meet the standards specified by the state of California for ocean discharge. 
What steps should be taken if toxicity limits are exceeded? 
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Processing of Sludges 


Prologue 

The purpose of this chapter is to: 

■ Describe the differing characteristics and quantities of sludges from 
wastewater processing and water treatment 

■ Discuss methods of processing sludges and the conditions under 
which each method is appropriate. 


Combinations of physical, chemical, and biological processes are employed in h andl ing 
sludges. While the purpose in treating water and wastewater is to remove impurities 
from dilute solution and consolidate them into a smaller volume of liquid, the objective 
of processing sludge is to extract water from the solids and dispose of the dewatered 
residue. Furthermore, the relationships among the processes must be well understood, 
as disposal schemes involve sequencing of operations. For example, gravity thicken¬ 
ing, anaerobic digestion, chemical conditioning, and mechanical dewatering form a 
physical-biological-chemical-physical sequence. Discussions on the characteristics of 
wastewater sludges and water treatment plant residues are isolated in different sections. 
Generalized process flow diagrams are also separated, although descriptions of indi¬ 
vidual unit operations are directed toward both water and wastewater sludges. Com¬ 
ments relating to the applicability of each process are included. 


SOURCES, CHARACTERISTICS, AND QUANTITIES 
OF WASTE SLUDGES 


Mathematical relationships for estimating the specific gravity and computing the sludge 
volume appear first, as they are fundamental calculations applicable to all sludges. Then 
the characteristics and methods for estimating sludge quantities are presented separately 
for wastewater and water treatment plant residues. 


13.1 Weight and Volume Relationships 

majority of sludge solids from biological wastewater processing are organic, with a 
60%-80% volatile fraction. The concentration of suspended solids in a liquid sludge is 
determined by straining a measured sample through a glass-fiber filter. Nonfilterable 
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residue, expressed in milligrams per liter, is the solids content. Since the filterable por¬ 
tion of a sludge is very small, sludge solids are often determined by total residue on 
evaporation (i.e., the total deposit remaining in a dish after evaporation of water from 
the sample and subsequent drying in an oven at 103° C). Volatile solids are determined 
by igniting the dried residue at 550°C in a muffle furnace. Loss of weight upon ignition 
is reported as milligrams per liter of volatile solids, and the inerts remaining afterburn¬ 
ing as fixed solids. Waste from chemical coagulation of a surface water contains both 
organic matter removed from the raw water and mineral content derived from the chemi¬ 
cal coagulants. Most solids are nonfilterable and have a volatile fraction of 20%-40%. 
Precipitate from treated well water is essentially mineral. 

The specific gravity of solid matter in a sludge can be computed from the 


relationship 

S/y SvY 

where 

Wj = weight of dry solids, lb 

S, = specific gravity of solids 
y = unit weight of water, Ib/ft^ (Ib/gal) 

Wj = weight of fixed solids (nonvolatile), lb 
Sf = specific gravity of fixed solids 

W„ = weight of volatile solids, lb 

S„ = specific gravity of volatile solids 


The specific gravity of organic matter is 1.2-1.4, while the solids in chemically coagu¬ 
lated water vary from 1.5 to 2.5. The value for a solids slurry is calculated from 


where 


W,,, + W, 

“ (WJl.OO) + iWJS,) 

S = specific gravity of wet sludge 
Wyy = weight of water, lb 
W, = weight of dry solids, lb 
5, = specific gravity of dry solids 


( 13 . 2 ) 


Consider a waste biological sludge of 10% solids with a volatile fraction of 70%. 
Their specific gravity can be estimated using Eq. (13.1) by assuming values of 2.5 for 
the fixed matter and 1.0 for the volatile residue. 


1.00 

5 . 


0.30 
~ 2.5 

_ J_ _ 

“ 0.82 “ 


0.70 

1.0 

1.22 


0.82 


Then the specific gravity of the wet sludge, by Eq. (13.2), is 1.02: 


90+ 10 

(90/1.00) + (10/1.22) 


1.02 
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These calculations demonstrate that for organic sludges of less than 10% solids the 
specific gravity may be assumed to be 1.00 without introducing significant error. Ex¬ 
ample 13.1 illustrates that even for mineral residue a high concentration of precipitate is 
re'quired to increase the specific gravity of a slurry above 1.0. 

The volume of waste sludge for a given amount of dry matter and concentration of 
solids is given by 


where 




(5/100)y5 


[(100 - p)/m]yS 


( 13 . 3 ) 


V = volume of sludge, ft^ (gal) [m^] 

Wj = weight of dry solids, lb [kg] 
s = solids content, % 

y ^ unit weight of water, 62.4 Ib/ft^ (8.34 Ib/gal) [1000 kg/m^] 
S = specific gravity of wet sludge 
p - water content, % 


In this formula the volume of a sludge is indirectly proportional to the solids content. 
Thus, if a waste is thickened from 2% to 4% solids, the volume is reduced by one-half, 
and if consolidation is continued to a concentration of 8%, the quantity of wet sludge is 
only one-fourth of the original amount. During this concentration process, water content 
is reduced from 98% to 92%. In applying Eq. (13.3), specific gravity of the sludge S is 
normally taken as 1.0 and therefore not included in computations, as demonstrated in 
Example 13.2. 


■EXAMPLE 13.1 Coagulation of a surface water using alum produces 10,000 lb 
(4540 kg) of dry solids/day, of which 20% are volatile. Both the settled sludge following 
coagulation and filter backwash water are concentrated in clarifier-thickeners to a solids 
density of 2.5%. Centrifugation can be used to increase the concentration to 20%, a 
consistency similar to soft wet clay, or the clarifier-thickener underflow can be de¬ 
watered to a 40% cake by pressure filtration, (a) Estimate the specific gravities of 
the thickened sludge, concentrate from centrifugation, and filter cake, (b) Calculate the 
daily sludge volumes from each process. 

Solution: 
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2. Substituting these values into Eq. (13.3) with W, = 10,000 Ib/day gives 

10,000 


V (thickened sludge) = 


(2.5/100)8.34 X 1.0 
4540 kg 


V (centrifuge discharge) = 
V (filter cake) = 


(2.5/100)1000 kg/m-^ X 1.0 

10,000 


= 48,000 gpd 

= 182 mVd 


(20/100)8.34 X 1.1 

10,000 

(40/100)8.34 X 1.2 


= 5400 gpd (20.6 mVd) 
= 2500 gpd (9.5 mVd) 


■ EXAMPLE 1 3.2 Estimate the quantity of sludge produced by a trickling-filter plant 
treating 1.0 mgd of domestic wastewater. Assume a suspended-solids concentration 
of 220 rag/1 in the raw wastewater, a solids content in the sludge equivalent to 90% 
removal, and a sludge of 5.0% concentration withdrawn from the settling tanks. 

Solution: 


solids in the sludge = 1.0 X 220 X 8.34 X 0.90 = 1650 Ib/day 


volume of sludge [using Eq. (13.3)] = 


1650 


0.05 X 62.4 


= 530 ftVday 


1 3.2 Characteristics and Quantities of Wastewater Sludges 

The purpose of primary sedimentation and secondary aeration is to remove waste organ¬ 
ics from solution and concentrate them in a much smaller volume to facilitate dewater¬ 
ing and disposal. The concentration of organic matter in wastewater is approximately 
200 mg/I (0.02%), while that in a typical raw-waste sludge is about 40,000 mg/1 (4%). 
Based on these approximate values, treatment of 1.0 mil gal of wastewater produces 
about 4000 gal of sludge. This raw, odorous and putrescible residue must be further 
processed and reduced in volume for land disposal or incineration. Common methods 
include gravity or mechanical thickening, biological digestion, and mechanical dewater¬ 
ing after chemical conditioning. 

The quantity and nature of sludge generated relates to character of the raw waste- 
water and processing units employed. Daily sludge production may fluctuate over a wide 
range, depending on size of municipality, contribution of industrial wastes, and other 
factors. Both maximum and average daily sludge volumes are considered in designing 
facilities. A limited quantity of solids can be stored temporarily in clarifiers and aeration 
tanks to provide short-term equalization of peak loads. Mechanical thickening and de¬ 
watering units may be sized to handle sludge quantities as high as double the daily 
average. Other processes, such as conventional anaerobic digestion, have substantial 
equalizing capacity and are designed on the basis of maximum average monthly loading. 
Often, selection of conservative design parameters and liberal estimates of sludge yie 
take into account anticipated quantity variations. In this manner, designers disguise the 
fact that the maximum sludge yield is being considered in sizing unit processes. For 
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example, in designing a trickling-filter plant, the dry solids may be calculated assuming 
0.24 Ib/capita/day when the actual amount realized in the treatment process is closer to 
0.15 Ib/capita/day. Furthermore, the required digester volume may be computed using 
a conservative figure of 5 ft-Vpopulation equivalent. 

Primary sludge is a gray-colored, greasy, odorous slurry of settleable solids, ac¬ 
counting for 50%-60% of the suspended solids applied, and tank skimmings. Scum is 
usually less than 1 % of the settled sludge volume. Primary precipitates can be dewatered 
readily after chemical conditioning because of their fibrous and coarse nature. Typical 
solids concentrations in raw primary sludge from settling municipal wastewater are 6%- 
8%. Overpumping during sludge withdrawal can result in a thinner sludge by drawing 
in wastewater from above the settled solids, and biological activity in warm wastewater 
can result in gas production, decreasing solids concentration in the settled sludge. The 
portion of volatile solids varies from 60% to 80%. 

Trickling-filter humus from secondary clarification is dark brown in color, floc- 
culent, and relatively inoffensive when fresh. The suspended particles are biological 
growths washed from the filter media. Although they exhibit good settleability, the pre¬ 
cipitate does not compact to a high density. For this reason and because sloughing is 
irregular, underflow from the final clarifier containing filter humus is returned to the wet 
well for mixing with the inflowing raw wastewater. Thus humus is settled with raw 
organics in the primary clarifier. The combined sludge has a solids content of 4%-6%, 
which is slightly thinner than primary residue with raw organics only. 

Waste-activated sludge is a dark-brown, flocculent suspension of active microbial 
masses inoffensive when fresh, but it turns septic rapidly because of biological activity. 
Mixed-liquor solids settle slowly, forming a rather bulky sludge of high water content. 
The thickness of return activated sludge is 0.5%-2.0% suspended solids, depending on 
the rate of recirculation pumping, with a volatile fraction of 0.7-0.8. Excess activated 
sludge in most processes is wasted from the return sludge line. A high water content, re¬ 
sistance to gravity thickening, and the presence of active microbial floe make this residue 
difficult to handle. Routing of waste-activated sludge to the wet well for settling with raw 
wastewater is not recommended. Carbon dioxide, hydrogen sulfide, and odorous organic 
compounds are liberated from the settlings in the primary basin as a result of anaerobic 
decomposition, and the solids concentration is rarely greater than 4%. Waste-activated 
sludge can be thickened effectively by gravity belt thickening and dissolved-air flotation 
with chemical addition to ensure high solids capture in the concentration process. 

Anaerobically digested sludge is a thick slurry of dark-colored particles and en¬ 
trained gases, principally carbon dioxide and methane. When well digested, it dewaters 
rapidly on sand-drying beds, releasing an inoffensive odor resembling that of garden 
loam. Substantial additions of chemicals are needed to coagulate a digested sludge prior 
to mechanical dewatering, owing to the finely divided nature of the solids. The dry 
residue is 30%-60% volatile, and the solids content of digested liquid sludge ranges 
from 6% to 12%, depending on the mode of digester operation. 

Aerobically digested sludge is a dark-brown, flocculent, relatively inert waste pro¬ 
duced by long-term aeration of sludge. The suspension is bulky and difficult to gravity- 
thickeu, thus creating problems of ultimate disposal. Since decanting clear supemat^t 
can be difficult, the primary functions of an aerobic digester are stabilization of organics 
^d temporary storage of waste sludge. The solids concentration in thickened, aerobi¬ 
cally digested sludge is generally in the range 1.0%-2.0% as determined by digester 
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design and operation. The thickness of aerobically digested sludge can be less than that 
of the influent, since approximately 50% of the volatile solids are converted to gaseous 
end products. Stabilized sludge is often disposed of by spreading on land for its fertil¬ 
izer value, particularly at small treatment plants. For these reasons, aerobic digestion is 
generally limited to treatment of waste-activated sludge from aeration plants without 
primary clarifiers. 

Mechanically dewatered sludges vary in characteristics based on the type of sludge, 
chemical conditioning, and unit process employed. The density of dewatered cakes 
ranges from 15% to 40%. The thinner cake is similar to a wet mud, while the latter is 
a chunky solid. The method of ultimate disposal and economics dictate the degree of 
moisture reduction necessary. 

Biosolids refer to liquid and dewatered sludges that have been suitably processed 
for land application as agricultural fertilizer and soil conditioner. To control the concen¬ 
tration of heavy metals and other toxins in the sludge, industrial wastewaters are pre¬ 
treated prior to discharge to the sewer collection system. The common sludge treatment 
is anaerobic or aerobic digestion to reduce pathogenic microorganisms and to stabilize 
the organic matter. Quality standards for application of biosolids are established by En¬ 
vironmental Protection Agency regulations [1]. 

Waste solids production in primary and secondary processing can be estimated 
using the following formulas: 

W, = -H W,, (13.4) 

where 

— total dry solids, Ib/day 
= raw primary solids, Ib/day 
W,. = secondary biological solids, Ib/day 

W,^ = f X SS X Q X 8.34 (13.5) 

where 

Ws^ = primary solids, lb of dry weight/day 
/ = fraction of suspended solids removed in primary settling 
SS = suspended solids in unsettled wastewater, mg/1 
Q = daily wastewater flow, mgd 
8.34 = conversion factor, Ib/mil gal per mg/1 

= k X BOD X Q X 8.34 (13.6) 

where 

W,, = biological sludge solids, lb of dry weight/day 
k = fraction of applied BOD that appears as excess biological growth in 
waste-activated sludge or filter humus, assuming about 30 mg/I of 
BOD and suspended solids remaining in the secondary effluent 
BOD = concentration in applied wastewater, mg/1 
Q = daily wastewater flow, mgd 

The first expression states that the total weight of dry solids produced equals the sum of 
the primary plus secondary residues. Settleable matter removed in primary clarification 
can be considered a function of the suspended-solids concentration [Eq. (13.5)]. 
typical municipal wastewaters, the value for / is between 0.4 and 0.6. The settleable 
fraction of suspended solids in a fresh domestic wastewater is about 0.5, but septic 
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conditions and industrial waste contributions are likely to decrease the portion of 
settlings in a wastewater. For example, many food-processing discharges are high in 
colloidal matter and exhibit BOD/suspended-solids ratios of 2; I or greater. Thus, a 
combined wastewater may exhibit an/value that is considerably less than the average 
0.5 for domestic waste. 

Organic matter entering secondary biological treatment is colloidal in nature and 
best represented by its BOD value. Most is synthesized into flocculent biological growths 
that entraip nonbiodegradable material. Therefore, excess activated-sludge solids from 
aeration and humus from biological filtration can be estimated by Eq. (13.6), which 
relates residue production to BOD load. The coefficient ^ is a function of process food/ 
microorganism ratio and biodegradable (volatile) fraction of the matter in suspension. 
For trickling-filter humus, k is assumed to be in the range 0.3-0.5, with the lower value 
for light BOD loadings and the larger number applicable to high-rate filters and rotating 
biological contactors. The k for secondary activated-sludge processes can be estimated 
using Fig. 13.1 by entering the diagram along the ordinate with a known food/micro¬ 
organism ratio. 

Excess solids production for activated-sludge processes treating unsettled waste- 
water can be estimated using Eq. (13.7) (based on influent BOD), without consider¬ 
ing suspended solids input, by increasing the calculated quantity by 100%. Thus, for 
aeration systems without primary clarifiers, the k factor is the value determined from 
Fig. 13.1 multiplied by 2.0. 

= 2.0k X BOD X Q X 8.34 (13.7) 

where 

Wa, = total dry solids from activated-sludge processing without primary 
sedimentation, Ib/day of dry weight 



A for Eq. (l 3 • 6) 

Fraction of BOD converted to excess solids 
(lb of SS/lb of BOD applied) 

Figure 13.1 Hypothetical relationship between the food-to- 
microorganism ratio and the coefficient A in Eqs. (13.6) and (13.7). 
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The design of a sludge-handling system is based on the volume of wet sludge as 
well as dry solids content. Once the dry weight of residue has been estimated, the vol¬ 
ume of sludge is calculated by applying Eq. (13,3). 

The foregoing formulations are reasonable for sludge quantities from processing 
domestic wastewater at average daily design flow. Real sludge yields may differ consid¬ 
erably from anticipated values when treating a municipal discharge containing substan¬ 
tial contributions of industrial wastes and when loading or operational conditions create 
unanticipated peak sludge volumes. 

Peak loads must be assessed for each treatment plant design based on local con¬ 
ditions such as seasonal industrial discharges, anticipated trends in per capita solids 
contribution, and the type of unit operations employed in wastewater processing. A rule- 
of-thumb approach assumes that the maximum weekly dry solids yield will be approxi¬ 
mately 25% greater than the yearly mean. Variations in daily sludge volumes may be 
considerably greater, owing to changes in moisture content. For example, if the concen¬ 
tration of settlings drawn from primary clarifiers shifts from 6% to 4%, the total quantity 
of wet sludge increases 50% for the same amount of dry solids. These deviations are 
normally taken into account by selecting conservative design criteria in sizing biological 
digesters. Where mechanical dewatering is practiced, increased quantities of sludge can 
be handled by applying higher chemical dosages and by extending the time of operation 
each day. Perhaps the most difficult parameter to predict is the solids concentration of 
waste-activated sludge. Bulking can easily reduce the solids content by one-half, say 
from 15,000 mg/1 to 7500 mg/1, thus doubling the volume. Processing of this larger 
quantity must be evaluated by the designer. One guideline is to size mechanical thick¬ 
eners at 200% of the estimated volume during normal operation in order to ensure con¬ 
solidation of the diluted slurry. Provisions are required for the addition of coagulants to 
aid in concentrating waste-activated sludge. 

■ EXAMPLE 13.3 One million gallons of municipal wastewater with a BOD of 
260 mg/1 and suspended solids of 220 mg/1 are processed in a primary plus secondary 
activated-sludge plant. Estimate the quantities and solids contents of the primary, waste- 
activated, and mixed sludges. Assume the following: 60% SS removal and 40% BOD 
reduction in clarification, a water content of 94.0% in the raw sludge, and an operating 
F/M ratio of 1:3 in the aeration basin; the solids concentration of 15,000 mg/1 in the 
waste-activated sludge is increased to 45,000 mg/1 by gravity belt thickening. If the 
sludges are blended, calculate the consolidated sludge volume. 

Solution: The primary sludge solids and volume based on Eqs. (13.5) and (13.3) are, 
respectively, 

= 0.60 X 220 X 1.0 X 8.34 = 1100 lb 
V = 1100/[(100 - 94)/100]8.34 = 2200 gal 

To determine k for Eq. (13.6), enter Fig. 13.1 with F/M = 0.33, and read 0.48 lb of 
SS produced/lb of BOD applied. 

The thickened waste-activated sludge, based on Eq. (13.6), is 

= 0.48 X 260 X 0.60 X 1.0 X 8.34 = 620 lb 


T » 

~ 0.045 X 8.34 ^ 
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The blended sludge volume, solids content, and solids concentration are, 
respectively, 


V = 2200 + 1650 = 3850 gal 
W, = 1100 + 620 = 1720 lb 
1720 X 100 


s = 


3850 X 8.34 


= 5.4% 


■ EXAMPLE 13.4 The rational formulas for waste solids production [Eqs. (13.4- 
13.6)] can be used to predict future sludge yields, provided the characteristics of the 
wastewater are not expected to change significantly. 

Listed in columns 1 - 5 of Table 13.1 are average monthly operating data for a con¬ 
ventional activated-sludge plant treating a municipal wastewater containing discharges 
from several industries. The average suspended solids removal in primary sedimentation 
is 53% (/ = 0.53) and the BOD removal is 22%, leaving an average of 490 mg/1 in the 
settled wastewater. The current solids concentration in the combined waste sludge varies 
from 4.0% to 4.5%. The sludge is dewatered by belt filter presses 5 days per week using 
a sludge holding tank for storing weekend production. 

Develop equations to calculate the average annual weekday sludge solids pro¬ 
duction and the average weekday solids production during the maximum month. Cal¬ 
culate these values and sludge volumes at 4.0% solids concentration for a future 
raw-wastewater flow of 3.0 mgd with 600 mg/1 suspended solids and 580 mg/1 BOD. 

Solution: The average solids production expressed in milligrams per liter of waste- 
water processed is 

= / X SS + it X BOD 

We substitute the mean measured values from Table 13.1 and solve for k: 

500 mg/1 = 0.53 X 650 + k X 490 
k = 0.32 

The equation for average annual weekday sludge solids production in milligrams per 
liter of wastewater processed is then 

W, = 0.53 X SS + 0.32 X BOD (13.8) 

Using this equation, the sludge solids production is calculated for each month and 
listed in column 6 of Table 13.1. The percentage difference between the measured and 
calculated solids production values is computed and listed in column 7 by subtracting 
the numbers in column 6 from those in column 5 and dividing the resultants by the 
numbers in column 6 and multiplying by 100 to yield percentages. 

Based on Eq. (13.8), the equation for average annual weekday sludge solids pro¬ 
duction in pounds based on a 5-day work week is 

= (7/5)((2)(8.34)(0.53 X SS + 0.32 X BOD) 

The resulu in column 7 of Table 13.1 show that the average weekday solids pro- 
duction during the maximum month is 30% greater than the average, there ore, 

= 1.3W, 
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June 2.5 740 400 580 520 1 i 

July 2.4 870 550 450 640 - 30 

Aug. 2.4 600 430 450 460 -2 

Sept. 2.5 460 480 520 400 30 

Mean 2.4 650 490 500 500 
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For a future raw-wastewater flow of 3.0 mgd with 600 mg/l suspended solids 
and 580 rag/1 of BOD (settled BOD of 0.78 X 580 = 450 mg/l), the average annual 
values are 


= (7/5)(3.0)(8.34)(0.53 X 600 + 0.32 X 450) = 16,000 lb 


_ 16,000 
“ 0.04 X 8.34 


48,000 gal 


The average weekday values during the maximum month are = 20,000 lb and 
= 61,000 gal. ■ 


13.3 Characteristics and Quantities of Water-Processing Sludges 

The characteristics and quantities of water treatment plant residuals vary greatly de¬ 
pending on the water source and kinds of treatment processes; the most common plants 
are coagulation-filtration systems to remove turbidity and pathogens and precipitation 
softening to reduce hardness [2]. Water treatment residuals are derived from sedimen¬ 
tation and filtration of chemically conditioned water. Surface supplies yield wastes 
containing colloidal matter removed from the raw water and chemical floes, while 
groundwater-processing precipitates are mineral with little or no organic material. 
Sludges vary widely in composition depending on character of the water source and 
chemicals added during treatment. A typical method of handling a turbid river supply 
includes presedimentation for reduction of settleable solids, lime softening for hard 
water, alum coagulation, and filtration for removal of colloids, plus the addition of ac¬ 
tivated carbon for taste and odor control, and chlorination for disinfection. The pre¬ 
sedimentation deposit is silt plus detritus; settling-basin sludge is a mixture of inerts, 
organics, and chemical precipitates, including metal hydroxides; and filter backwash 
water contains floe from agglomerated colloids and unspent coagulmit hydroxides. Lake 
and reservoir waters are often dosed with alum and flocculation aids, plus activated 
carbon. Settlings during the summer may include significant quantities of algae. Pre¬ 
cipitates from lime-soda ash softening are predominantly calcium carbonate and mag¬ 
nesium hydroxide with traces of other minerals, such as oxides of iron and manganese. 

Sludge storage capacity and the time intervals between withdrawals are governed 
by the installation design, the type of water processing, and operations management. 
Clarifiers equipped with mechanical scrapers discharge sludge either continuously at a 
low rate or intermittently, often daily. Settled sludge is allowed to accumulate and con¬ 
solidate in plain rectangular or hopper-bottomed basins. These tanks are cleaned at 
intervals varying from a few weeks to several months by draining and removing e 
compacted sludge. Backwashing of filters produces a high flow of dilute wastewater for 
a few minutes usually once a day for each filter. Obviously, any system for h^ mg 
Water treatment wastes must consider temporary storage and thickening of was water. 

Alum-coagulation sludge is dramatically influenced by the gelatinous nature of 
the aluminum hydroxides formed in the reaction with raw-water alkalinity, artic es 
entrained in the floe and other coagulation precipitates do not suppress the jellylike 
consistency that makes an alum slurry difficult to dewater. Coagulation settlings and 
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backwash water normally can be gravity thickened to a liquid with 2%-3%, although 
polymers may be needed to achieve this consolidation. Studies have shown that centrifu¬ 
gal dewatering can concentrate this waste to a truckable semi-solid with 10%-15% with 
a consistency similar to a soft wet clay. Pressure filtration will produce a 30%-40% 
cake with the consistency of stiff clay that breaks easily. Complete dehydration by dry¬ 
ing or freezing results in a granular material that does not revert to its original gelatinous 
form if again mixed with water. Enmeshed water of hydration, not water of suspension, 
causes the original jelly consistency. Iron coagulants yield slightly denser sludges that 
are somewhat easier to handle. 

Surface water wastes are highly variable, owing to changes in raw-water quality. 
High turbidities during spring runoff and periods of high rainfall result in a decreased 
percentage of aluminum hydroxide solids. The result is a precipitate that settles better 
and is easier to dewater. Water temperature changes affect algal growth in surface 
supplies, the rate of chemical reactions in treatment, and filterability of the sludge. In 
designing a waste-handling system, changes in raw-water quality and accompanying 
variations in sludge characteristics must be investigated by long-term studies of daily 
and seasonal records. 

Sludge production from surface water treatment can be estimated from chemical 
additions and raw water characteristics. Based on empirical data, 1 mg of commercial 
alum applied as a coagulant produces 0.44 mg of aluminum precipitate, which is nearly 
double the 0.26 theoretical amount [Eq. (11.34)]. The observed relationship between 
turbidity of the raw water, expressed in nephelometric turbidity units (NTU), and weight 
of impurities removed varies from 0.5 to 2.0 mg/NTU, with an average value of 0.74. 
The following equation for estimating dry sludge solids production from alum coagu¬ 
lation is based on these data: 

Total sludge solids (Ib/mil gal) 

= 8.34(0.44 X alum dosage -I- 0.74 X turbidity) 

The majority of sludge solids settle by gravity in the sedimentation basins; the remainder 
are removed by subsequent filtration. The nonsettleable portion depends on the kinds of 
impurities in the water and chemicals applied in coagulation. The sludge withdrawn 
from sedimentation basins is l%-2%, and the solids content of filter wash water is less 
than 0.1%. Gravity thickening of settled sludge and backwash water from alum coagu¬ 
lation can be thickened in a clarifier-thickener to 2%-6%. 

Coagulation-softening sludges result from processing hard, turbid surface waters, 
such as those found in Midwestern rivers. A typical treatment plant flow arrangement is 
presedimentation followed by two-stage or split treatment; lime softening and coagula¬ 
tion with alum or iron salts; and filtration. Solids concentration in settled sludges varies 
with turbidity in the raw water, ratio of calcium to magnesium in the softening precipi¬ 
tate, type and dosage of metal coagulant, and filter aids used. In general, filter wash 
water gravity thickens to about 4%, alum—lime sludges have densities of up to 10%, and 
lime-iron precipitates range between 10% and 20%, with a consistency of a viscous 
liquid. The quantity of sludge produced is difficult to predict because the chemical treat¬ 
ment varies with hardness and turbidity of the river water. In-plant modifications to help 
even out fluctuations in sludge yield may include applying polymers in coagulation, 
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closer pH control to reduce the amount of magnesium hydroxide produced in softening, 
and providing flexibility to thicken sludges separately or combined. 

Lime-soda ash softening sludges produced in treating groundwaters contain cal¬ 
cium carbonate and to a lesser extent magnesium hydroxide. Aluminum hydroxides 
and other coagulant aids may be present if added in water processing. The quantity of 
Mg(0H)2 depends on magnesium hardness in the raw water and the softening process 
employed. In general, dry solids are 85%-95% CaCOj. The residue is stable, dense, 
inert, and relatively pure, since groundwater does not contain colloidal inorganic or or¬ 
ganic matter. Calcium carbonate compacts readily, while magnesium hydroxide, like 
aluminum hydroxide, is gelatinous and does not consolidate as well nor dewater as 
easily. Slurry wasted from flocculator-clarifiers (upflow units) has a solids content in 
the range 2%-5%. Stoichiometrically, from Eq. (13.10), 3.6 lb of calcium carbonate is 
precipitated for each pound of lime applied. However, in actual practice, the dry solids 
yield from softening is closer to 2.6 lb/lb of lime applied, owing to incomplete chemical 
reaction, impurities in commercial-grade lime, and precipitation of variable amounts of 
magnesium. 


CaO + Ca(HC 03)2 = 2 CaC 03 + H^O (13.10) 

Iron and manganese oxides removed from groundwater by aeration and chemical 
oxidation are flocculent particles with poor settleability. The amount of sludge produced 
in the removal of these metals without simultaneous precipitation softening is relatively 
small. The majority of hydrated ferric and manganic oxides pass through sedimentation 
tanks, are trapped in the filters, and appear in the dilute backwash water. 

Filter wash water is a relatively large volume of wastewater with a low solids con¬ 
centration of 100-400 mg/1. The exact amount of water used in backwashing is a func¬ 
tion of the type of filter system, cleansing technique, and quality and source of the raw 
water being treated. Generally, 2%-3% of the water processed in a plant is used for 
filter washing. The fraction of total waste solids removed by filtration depends on effi¬ 
ciency of the coagulation and sedimentation stages, type of treatment system, and char¬ 
acteristics of the raw water. The amount may be a substantial portion, say 30%, of the 
dry solids resulting from treatment. 

■ EXAMPLE 13.5 A reservoir water supply with a turbidity of 10 units in the summer 
IS treated by applying an alum dosage of 30 mg/I. For each million gallons of water 
processed, estimate the total solids production, volume of settled sludge, and quantity 
of filter wash water. Assume a settled sludge concentration of 1.5% solids, a filter solids 
loading of 26 Ib/mil gal, and a backwash water with 400 mg/I of suspended solids; also 
assume that Eq. (13.9) is applicable. Compute the composite sludge volume after the 
two wastes are gravity thickened to 3.0% solids. 

Solution: By Eq. ( 13 . 9 ), 

Total sludge solids = 8.34(0.44 X 30 + 0.74 X 10) = 172 Ib/mil gal 

Sedimentation basin solids = total sludge solids — solids to filters 
= 172 - 26 = 146 Ib/mil gal 
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Applying Eq. (13.3) yields 

V of settled sludge = 

V of wash water = 

V of thickened sludge = 


146 


0.015 X 8.34 

26 _ 

(400/1,000,000)8.34 

172 


= 1170 gal 

= 7800 gal 


0.030 X 8.34 


= 690 gal 


■ EXAMPLE 13.6 The lime-soda ash softening process described in Example 11.5 
requires a lime dosage of 2.7 meq/1 CaO and a soda ash addition of 1.2 meq/1 of 
NaiCOa. Based on the appropriate chemical reactions, calculate the calcium carbonate 
residue produced in the softening of 10® of water, assuming the practical limit of 
CaCOj precipitation is 0.60 raeq/1 (30 mg/1). 

Solution: Based on Eq. (11.50), the 0.4 meq/1 of CO 2 is precipitated by addition of 
0.4 meq/1 of lime to form 0.4 meq/1 of CaCO.,: 

Ca(OH )2 + CO 2 = CaCOji + H 2 O 

From Eq. (11.45), the 2.3 meq/1 of Ca(HC 03)2 reacts with 2.3 meq/1 of lime to 
form 4.6 meq/1 of CaCOa: 

Ca(HC 03)2 + Ca(OH )2 = 2CaC0.4 + 2 H 2 O 

Finally, 1.2 meq/1 of soda ash precipitates 1.2 meq/1 of CaCO^ by the reaction of 
Eq. (11.49a): 

CaS04 + Na 2 C 03 = CaC 03 i + Na2S04 

The residue is theoretically equal to the stoichiometric quantities of CaC 03 formed 
minus the practical limit of treatment (solubility): 

0.4 + 4.6 + 1.2 —0.6 = 5.6 meq/1 

5.6 X 50 = 280 mg/1 of CaC 03 
and 

280 g/m^ X 10® m^ X lO-^ kg/g = 280,000 kg/10® m^ 


ARRANGEMENT OF UNIT PROCESSES IN SLUDGE DISPOSAL 

Many processes for sludge handling are applied to both wastewater sludges and water 
treatment plant residues. Individual unit operations are discussed in the latter sections of 
this chapter with comments relative to their method of operation and application. Under 
this heading, selection and arrangement of units are outlined to illustrate how they inte¬ 
grate with each other. Referring to these discussions while studying the individual op¬ 
erations will help relate them to complete sludge-disposal schemes. 
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13.4 Selection of Processes for Wastewater Sludges 

Techniques selected for processing waste sludges are a function of the type, size, and 
location of the wastewater plant, the unit operations employed in treatment, and the 
method of ultimate solids disposal [3,4]. The system adopted must be able to accept the 
primary and secondary sludges produced and economically convert them to a residue 
that is environmentally acceptable for disposal. 

Methods for storage, treatment, and disposition are listed in Table 13.2. Settled raw 
solids may be stored in the bottom of primary clarifiers during the day, or perhaps over 
a weekend, and then pumped directly to a processing unit. In small plants, sludge is 
transferred to anaerobic digesters either once or twice a day. Belt filter presses and cen¬ 
trifuges require a steady flow of sludge during the operating period, which may extend 
from 4 to 24 hr/day. Separate holding tanks can be used to receive and blend primary 


Table 13.2 Processes for Storage, Treatment, 
and Disposing of Wastewater Sludges _ 

Storage prior to processing 
In the primary clarifiers 
Separate holding tanks 
Sludge lagoons 

Thickening prior to dewatering or digestion 
Gravity settling in tanks 
Gravity belt thickening 
Dissolved-air flotation 
Centrifugation 

Conditioning prior to dewatering 
Stabilization by anaerobic digestion 
Stabilization by aerobic digestion 
Chemical coagulation 
Heat treatment or wet oxidation 
Mechanical dewatering 
Belt filter pressure filtration 
Plate-and-frame pressure filtration 
Centrifugation 
Vacuum filtration 
Composting 

Air drying of digested sludge 
Sand drying beds 
Shallow lagoons 

Disposal of liquid or dewatered digested sludge 
Spreading as biosolids on agricultural land 
Application on dedicated surface disposal site 
Disposal of dewatered raw or digested solids 
Codisposal in municipal solid-waste landfill 
Burial in dedicated sludge landfill 
Incineration 

Production of bagged fertilizer and soil conditioner 
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and secondary sludges. Primary sludge may be pumped intermittently using an auto¬ 
matic time-clock control, while secondary sludge wasting may be either continuous 
or periodic. Aerated holding tanks for accumulating and biologically stabilizing waste 
from aeration plants are called aerobic digesters. 

The economics of chemical conditioning and biological treatment are directly re¬ 
lated to the sludge density. As a general rule, the solids content of settled waste must be 
at least 4% for feasible handling. Primary precipitates and mixtures of primary and 
secondary settlings are amenable to thickening by sedimentation; therefore, gravity tank 
thickeners are used to increase the concentration of sludges withdrawn from either clari¬ 
fiers or holding tanks. Because of the flocculent nature of waste-activated sludge, sepa¬ 
rate thickening is performed by either dissolved-air flotation or gravity belt thickening. 
The float or thickened sludge is then blended with primary waste and directed to holding 
tanks or the next dewatering or treatment step. 

The purpose of anaerobic digestion is to convert bulky, odorous, and putrescible 
raw sludge to a well-digested material that can be rapidly dewatered without emission 
of noxious odors. In addition to stabilizing and gasifying the organic matter, the volume 
of residue is significantly reduced by withdrawal of supernatant from digesters to 
thicken the sludge. Aerobic digestion is almost exclusively used to treat excess sludge 
from plants without primary clarifiers. Although it stabilizes the organic matter, solids 
thickening and dewatering are troublesome, owing to the bulky nature of overaerated 
sludge. Chemical coagulation with polymers or other coagulants is required for me¬ 
chanical dewatering of both raw and digested wastes. 

Heat treatment and wet oxidation are less commonly applied than other methods of 
sludge conditioning prior to dewatering because of higher costs of operation and main¬ 
tenance. This conditioning sterilizes, deodorizes, and prepares the waste for mechanical 
dewatering without addition of chemicals. Processes using heat treatment apply steam 
to heat the reactor vessel to about 300°F under a pressure of 150 psi or greater. Sludge 
from the reactor is discharged to a decant tank, from which the underflow is withdrawn 
for dewatering. The supernatant contains high concentrations of water-soluble organic 
compounds and must therefore be returned to the treatment plant for processing. This is 
a serious drawback in handling some sludges, since it can result in cycling of solids 
through the heating process back to the treatment plant, which extracts them and returns 
them again to the heat treatment. Wet oxidation can be achieved under high pressure at 
elevated temperatures. Liquid sludge with compressed air is fed into a pressure vessel, 
where the organic matter is stabilized. Inert solids are separated from the effluent by 
dewatering in lagoons or by mechanical means. 

Belt filter presses in small and medium-sized plants and centrifuges in large plants 
are the most common methods of dewatering chemically conditioned sludges. Belt 
presses are effective in dewatering a wide range of waste concentrations from raw pri¬ 
mary to thin aerobically digested sludges. In operating performance, the main advan¬ 
tages are low energy consumption, high cake density, and clarity of filtrate. In the past, 
vacuum filtration was widely adopted for dewatering both raw and anaerobically di¬ 
gested sludges. Centrifuges dewater digested sludges to a high cake density. Economy 
in centrifugation results from high-capacity machines that require much less space than 
an equivalent capacity of belt filter presses. Polymers are applied to sludges for chemical 
conditioning prior to dewatering by both belt filter presses and solid-bowl decanter cen¬ 
trifuges. Plate-and-frame filter presses are rarely used to dewater wastewater sludges 
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because of the high installation cost. Their operation is a batch process with a cycle 
of filling with sludge, pressure dewatering, discharging of cake, and washing of filter 
cloths. The sludge is chemically conditioned with lime and ferric chloride, which are 
chemicals more difficult to store and feed than polymers. 

New vacuum filter installations are very rare and existing installations are being 
replaced by belt filter presses. Vacuum filters are costly to operate because of higher 
energy consumption, time-consuming procedures for start-up and shut-down, and the 
additional cost of disposal of a wetter cake. For very small treatment plants, any kind of 
mechanical dewatering may be uneconomical because of the minimum available sizes 
of dewatering units. The smallest belt filter press can dewater the sludge production 
from a population of 5000, the smallest vacuum filter from a population of 10,000. The 
minimum size of centrifuges restricts their application to even larger treatment plants 
generally serving a population greater than 100,000, 

The oldest technique for drying digested sludge is on open sand beds contained by 
short concrete walls. Well-digested slurry is drained or pumped onto the surface of the 
bed to a depth of 8-12 in. Moisture leaves by evaporation and seepage; the latter is 
collected in underdrain piping for return to the plant influent. In current design, the beds 
have vertical draw-off pipes to decant supernatant after the solids settle and paved sur¬ 
faces that gently slope to a narrow strip of sand bed with an underdrain located along 
the center line of the bed. This construction allows cleaning with a small front-end 
loader, since manual cleaning with shovels is no longer feasible. Shallow lagoons can 
also be used for air drying of digested sludge. This permits the use of front-end loaders 
or buckets on draglines, but operations can be disrupted by inclement weather. 

Liquid and dewatered digested sludges (biosolids) are commonly spread on and 
tilled into agricultural land as a fertilizer and soil conditioner. Farmland application is 
often originated by the operator of a small plant to avoid codisposal in a municipal solid- 
waste landfill. Currently, many large plants digest and dewater sludges for application 
on agricultural land, with a sludge management firm acting as the intermediary to sell 
and haul the biosolids to applicators and to ensure that the quality meets the require¬ 
ments of the Environmental Protection Agency. Where agricultural land is not available, 
the sludge can be applied on a dedicated surface disposal site. 

Dewatered solids, both raw and digested, can be disposed of in municipal solid- 
waste or dedicated-sludge landfills. Dried anaerobic cake and incinerator ash are rela¬ 
tively inoffensive, but cake composed of raw solids putrefies ^d may contain pathogens. 
The latter type must be covered every day to prevent nuisance and a health hazard. 
Incineration is much more costly than land disposal, yet in highly urbanized areas it is 
often the only feasible alternative. Rather than burning, digested sludge may be dried 
and bagged as soil conditioner. 

The following process flow diagrams graphically illustrate the selection and ar¬ 
rangement of common sludge-processing layouts. Figure 13.2 is typical for communi¬ 
ties with a population of less than 10,000. Raw solids and filter humus are settled and 
stored in the primary clarifiers. Once or twice a day, sludge and scum are pumped to 
anaerobic digesters, and supernatant is withdrawn and returned to the treatment plant 
influent. Stabilized and thickened sludge accumulates in the digesters for withdrawal 
when weather conditions permit disposal. These biosolids can be spread as liquid di¬ 
gested sludge on agricultural land or dried on sand beds or in lagoons followed by 
hauling to a landfill for burial. 
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Humus return 



Figure 13.2 Typical sludge-handling scheme for a trickUng-filter plant 
serving a community of fewer than 10,000 people. 


Many activated-sludge plants that use a flow scheme returning secondary biological 
floe to the plant influent experience difficulties resulting from anaerobiosis and thin¬ 
ning of settled sludge in the primary clarifiers. As a result, the two waste streams are 
often separated and thickening units employed to increase solids concentrations. In 
Fig. 13.3(a) the waste-activated sludge is concentrated independently by gravity belt 
thickening or dissolved-air flotation, processes that give reliable and effective results. 
Water of separation is returned for reprocessing, while the thickened sludge is pumped 
along with a primary sludge to a mixed blending tank. If the sludge is anaerobically 
digested, the dewatered biosolids are likely to be applied to land as a fertilizer and soil 
conditioner. If the blended raw sludge is dewatered without prior digestion, the blending 
tank is sized so that sludge can accumulate when not being dewatered, and the installed 
mixing impellers are adequate to ensure a homogeneous feed for mechanical dewater¬ 
ing. Dewatered raw solids are disposed of by burial in a landfill or incineration. 

An alternative arrangement, shown in Fig. 13.3(b), blends waste-activated and raw 
sludges in a gravity thickening tank. Consolidation of this waste mixture by gravity 
settling may yield only marginal results because of carryover of flocculent solids, thus 
providing poor solids capture. Supernatant from the thickener is returned to the plant 
inlet and underflow sludge is pumped for processing and disposal. 

Aerobic processing of wastewater without primary sedimentation often utilizes 
aerobic digestion for stabilization (Fig. 13.4). Decanting chambers for return of super¬ 
natant, installed in the digesters of package plants, rarely provide efficient solids sepa¬ 
ration. However, tanks with separate controls for aeration and decanting can be effective 
in concentrating aerobically digested solids. The most common method for eliminating 
the liquid stabilized sludge is by spreading it on farmland. 

Designing a sludge-processing system requires a thorough understanding of the 
characteristics of the waste being produced and the most feasible method for solids 
disposal. Selection of the latter is dictated by local conditions and practices. Intermedi¬ 
ate steps of thickening, treatment, and dewatering must be integrated so that each relates 
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to the prior operation and prepares the residue for subsequent handling. A scheme 
should have flexibility to allow alternative modes of operation, since actual conditions 
may differ from those assumed at the time of design. Too often, bujlt-in rigidity, by 
lim iting piping and pumping facilities, does not permit plant personnel to vary opera¬ 
tions to meet changing conditions. The practice of sanitary design requires both knowl¬ 
edge and foresight to consider all available options. 

The following list illustrates typical sludge-processing and disposal problems that 
have confronted plant operators: 

1. Returning excess activated sludge to the head of the treatment plant with no alter¬ 
native for separate thickening or disposal. The result can be upset primary clari¬ 
fiers, reduced efficiency, thin sludge, and higher chemical costs for conditioning 
prior to mechanical dewatering. 

2. Employing gravity thickeners to concentrate combined primary and waste- 
activated sludges [Fig. 13.3(b)] or waste-activated sludge alone. Besides limited 
thickpning of the sludges, the thickener overflow returns to the head of the plant a 
substantial quantity of suspended solids that are then recycled through the system. 

3. Dewatering of sludge with a high proportion of waste-activated solids, or a sludge 
containing a significant amount of fine solids from an industrial wastewater, by a 
vacuum filter with a coil-spring medium or by a solid-bowl scroll centrifuge. Be¬ 
cause of poor solids capture, the filtrate carries a large portion of solids and BOD 
back to the head of the plant, resulting in higher chemical consumption in sludge 
conditioning and long operating time for sludge dewatering. 

4. Returning poor-quality digester supernatant to the head of a treatment plant in¬ 
creases the BOD load and recycling of suspended solids. 

5. Excessive concentrations of heavy metals in biologically stabilized sludges that 
limit their application as biosolids on agricultural land. 

6. Being forced to incinerate sludge when an alternate method would be much less 
expensive if facilities were available. 

7. Providing only sand drying beds for dewatering anaerobic or aerobically digested 
sludges at small plants with no provision for spreading on adjacent grassland or 
farmland. Plant operators usually modify the piping and buy a tank wagon or 
tmck for liquid disposal because of the labor involved in scooping up dried cake 
by hand. 

13.5 Selection of Processes for Water Treatment Sludges 

The pollution of surface waters and groundwaters from the discharge of residuals from 
water treatment is controlled by state regulations under authorization from the Environ¬ 
mental Protection Agency. In general, clarified waters like settled backwash water from 
filters and overflow from solids-separation processes can be discharged to flowing 
waters, provided that in-stream water quality standards are not violated. After separation 
of supernatant, the sludge is often disposed of by land application. Water treatment 
plants may also discharge to a sanitary sewer or directly to a wastewater plant, provided 
that the wastewaters comply with pretreatment requirements for industrial wastewater. 
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Water treatment processes can be modified to change the characteristics and reduce 
the quantities of residuals. Polymers as coagulant aids lower the required dosages of 
alum and auxiliary chemicals. The result is less sludge that is easier to dewater because 
of the reduced content of hydroxide precipitate. Polymers also enhance presedimenta¬ 
tion of turbid river waters, thus controlling carryover of solids to subsequent chemical 
coagulation. The addition of specially manufactured clays can be used to aid floccula¬ 
tion of relatively clear surface supplies by producing a denser floe that settles more 
rapidly. Coagulant aids with alum should be considered as a cost-effective technique for 
modifying sludge-handling processes at surface water plants. Groundwater softening 
plants can also change their mode of operation to lessen the volume of waste sludge. 
Emphasis is placed on preventing magnesium hydroxide precipitation because it inhibits 
dewaterability and the feasibility of processing sludge for recovery of lime. Also, hard¬ 
ness reduction can be limited to produce less solid material while still supplying a mod¬ 
erately soft water acceptable to the general public. 

The common processes for storage, treatment, and disposal of water treatment 
sludges are listed in Table 13.3. Each waterworks is unique so that local conditions and 
existing facilities tend to dictate techniques applied in processing and disposing of waste 
solids. 

Modem clarifiers equipped with mechanical scrapers discharge sludge at regular 
intervals, usually daily. Separate holding tanks can be installed to accumulate this slurry 
prior to dewatering. Filter backwash can be stored in clarifier-flocculators that serve as 


Table 13.3 Processes for Storage, Treatment. 
and Disposing of Water Treatment Sludges 

Storage prior to processing 
Sedimentation basins 
Separate holding tanks 
Flocculator-clarifier basins 
Thickening prior to dewaterng 
Gravity settling 

Chemical conditioning prior to dewatering 
Polymer application 
Lime addition to alum sludges 
Mechanical dewatering 
Centrifugation 
Pressure filtration 
Air drying 
Shallow lagoons 
Sand drying beds 
Disposal of dewatered solids 
Codisposal in municipal solid-waste landfill 
Burial in dedicated landfill 
Disposal of liquid and dewatered sludge 
Spread on agricultural land 
Application on dedicataed surface disposal site 
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Chemicals 



Rgure 13.5 Thickening coagulation waste and filter wash water in 
preliminary handling of water treatment plant sludges. 


Treated 

water 


both temporary holding tanks and wash-water settling basins. Equalization and settling 
are generally the only prerequisites if sludges are discharged to a sewer for processing 
at the municipal wastewater treatment plant. 

A typical system for thickening coagulation waste and filter wash water is shown 
schematically in Fig. 13.5. The two primary sources of waste are sludge from the clari¬ 
fier, following chemical coagulation, and wash water from backwashing filters. The lat¬ 
ter is discharged to a clarifier holding tank for gravity separation of the suspended solids 
and flow equalization. Settled solids consolidate to a sludge volume less than one-tenth 
of the wash-water volume. Supernatant is withdrawn slowly and recycled to the plant 
inlet. After a sufficient portion has been drained, the holding tank is able to receive the 
next backwash surge. Settled sludges from both the wash-water tanks and in-line clari¬ 
fiers are given second-stage consolidation in a clarifier-thickener. Polymer is normally 
added to enhance solids capture, overflow is recycled, and thickened sludge withdrawn 
for further dewatering and disposal. 

Mechanical dewatering of chemical sludges can be accomplished by centrifugation 
or plate-and-frame pressure filtration and in some instances by belt filter pressure filtra¬ 
tion (Fig. 13.6). A major advantage of a solid-bowl decanter centrifuge is operational 
flexibility. Machine variables, such as speed of rotation, allow a range of moisture con¬ 
tent in the discharged solids varying from a dry cake to a thickened slurry. Feed rates, 
sludge solids content, and chemical conditioning are also variables that influence per¬ 
formance. Polymers or other coagulants are normally applied with the slurry feed to 
enhance solids capture. Lime sludges compact readily, producing a cake with 50% or 
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Figure 13.6 Alternative methods for disposal of water treatment sludges by 
dewatering, drying, or chemical recovery of thickened chemical coagulation 
wastes. 


greater solids from a feed of 5%—10%. Alum sludges do not dewater as readily and 
discharge with a toothpaste consistency suitable for either further processing or trans¬ 
porting by truck to a disposal site. Gravity-thickened sludge containing about one-half 
aluminum hydroxide slurry can be concentrated to 10%—15% solids, while one-quarter 
hydrate slurry can be dewatered to 20% or greater. Removal of solids by centrifugation 
varies over a broad range, depending on operating situations and chemical conditioning, 
in general, solids recovery and density of cake are related to polymer dosage. 

A plate-and-frame filter press is particularly advantageous for dewatering alum 
sludges if a high solids concentration in the filter cake is desired. Aluminum hydroxide 
wastes are often conditioned with lime to improve their filterability. The filter medium 
is precoated with either diatomaceous earth or fly ash before applying sludge solids. 
Precoat protects against blinding of the filter cloth by fines and ensures easy cake 
discharge without sticking. With proper chemical conditioning, alum sludges can be 
pressed to a solids content of about 30%-40%, which can be handled as a chunky solid 
rather than the paste consistency associated with a 15% density. Belt filter presses can 
dewater alum sludges to 15%-20% and lime sludges to 50% or greater with polymer 
conditioning. 

Lagooning is an accepted method for dewatering, thickening, and temporary 
age of waste sludge where suitable land area is available. The diked pond area 
relates to character of the sludge, climate, design features such as underdrains an e 
canters, and method of operation. Clarified overflow may be returned to the treatrnent 
plant, particularly if filter wash water is directed to the lagoons without pnor thickening. 
Sludges from lime softening consolidate to about 50% solids after drying by evaporation 
and can be removed by a scraper or dragline and hauled to land burial. Alum sludge 
dewaters and dries more slowly to a density of only 10%-15%. Although the surface 
may dry to a hard crust, the underlying sludge turns to a viscous liquid upon agitation. 
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This slurry must be removed, usually by dragline, and spread on the banks to air dry 
prior to hauling. Freezing enhances the dewatering of alum sludge by breaking down its 
gelatinous character. Neither lime nor alum sludges made a good, stable landfill. Air 
drying at small water plants can be done on sand beds with tile underdrains. Repeated 
sludge applications over a period of several months can be made in depths up to sev¬ 
eral feet. Dewatering action is by drainage and air drying, although operation may 
include decanting supernatant. Dried cake is removed by either hand shoveling or me¬ 
chanical means. 


GRAVITY THICKENING 

Gravity thickening is the simplest and least expensive process for consolidating waste 
sludges. Thickeners in wastewater treatment are employed most successfully in consoli¬ 
dating primary sludge separately or in combination with trickling-filter humus. When 
raw primary and waste-activated sludges are blended and concentrated, results are often 
marginal because of poor solids capture. Water treatment wastes from both sedimenta¬ 
tion and filter backwashing can be compacted effectively by gravity separation. 


13.6 Gravity Sludge Thickeners in Wastewater Treatment 

The tank of a gravity thickener resembles a circular clarifier except that the depth- 
diameter ratio is greater and the hoppered bottom has a steeper slope. The three settling 
zones are the clear supernatant on top, feed zone characterized by hindered settling, and 
compression near the bottom where consolidation occurs. Figure 13.7 is a schematic 
diagram with the main components labeled. Influent sludge is applied continuously. 
However, if this is not practical, sludge application can be intermittent at frequent inter¬ 
vals. The circular inlet baffle is partly submerged but not so deep as to disturb the sludge 
blanket. The discharge weir is peripheral for maximum length. Although not always 
installed, a skimmer can be used to push scum over the weir with the overflow or down 
a pipe for separate collection. Thickened sludge is scraped to a central outlet for con¬ 
tinuous or intermittent discharge. Withdrawal is often governed by the operation of the 
feed pump to the next processing step, e.g., anaerobic digestion. Attached to the scraper 
arms are picket fences consisting of vertical rods or pickets that are slowly pulled along. 



Figure 13.7 Schematic diagram of a gravity sludge thickener. 
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By gentle agitation of the settled solids, consolidation is increased by dislodging gas 
bubbles and preventing the bridging of solids. A properly designed picket fence is con¬ 
sidered essential in thickening of organic waste [5]. 

The principal design criterion is solids loading expressed in units of pounds of 
solids applied per square foot of bottom area per day (Ib/ftVday or kg/m^-d). Typical 
loading values and thickened-sludge concentrations based on operational experience 
are listed in Table 13.4. These data assume good operation and chemical additions, such 
as chlorine, if necessary to inhibit biological activity. Solids recovery in a properly 
functioning unit is 90%-95%, with perhaps the exception of a unit handling primary 
plus waste activated where it is difficult to achieve this degree of solids capture. Most 
continuous-flow thickeners are designed with a side-water depth of approximately 10ft 
.to provide an adequate clear-water zone, sludge-blanket depth, and space for temporary 
storage of consolidated waste. Sludge-blanket depths (feed plus compaction zones) 
should be 3 ft or greater to ensure maximum compaction, using a suggested solids reten¬ 
tion time of 24 hr. This is estimated by dividing the volume of the sludge blanket by the 
daily sludge withdrawal; values vary from 0.5 to 2 days, depending on operation. Over¬ 
flow rates should be 400-900 gpd/ft^ (16-37 mVm^'d) and are defined by the quantity 
of sludge plus supplementary dilution water applied. Dilution water blended with sludge 
feed increases the overflow rate to carry out fine solids in the supernatant to enhance 
thickening and reduce the emission of foul odors from anaerobiosis. 

Gravity thickeners are normally sized to handle the maximum seasonal or monthly 
sludge yield anticipated. Peak daily sludge production often requires storage in the 
thickener or other sludge-processing units. Low liquid overflow rates result in malodors 
from septicity of the thickener contents. A common remedy is to feed dilution water 
to the thickener along with the sludge to increase hydraulic loading. An alternative is to 
apply chlorine to reduce bacterial activity. The design of pumps and piping should be 
sufficiently flexible to allow regulation of the quantity of dilution water and have the 
capacity to transport viscous, thickened sludges. 

■ EXAMPLE 13.7 The daily quantity of primary sludge from a trickling-filter plant 
contains 1130 lb of solids at a concentration of 4.5%. Size a gravity thickener based on 
a solids loading of 10 Ib/ftVday. Calculate the daily volumes of applied and thickened 
sludges, assuming an underflow of 8.0% and 95% solids capture. What is the flow of 
dilution water required to attain an overflow rate of 400 gpd/ft^? If the blanket of con¬ 
solidated sludge in the tank has a depth of 3.0 ft, estimate the solids retention time. 


Table 13.4 Gravity Thickener Design Loadings and Underflow 
Concentrations for Wastewater Sludges_ 



AVERAGE 

UNDERFLOW 


SOLIDS LOADING 

CONCENTRATION 

TYPE OF SLUDGE 

(lb/ftVday)“ 

(% solids) 

Primary 

20 

8-10 

Primary plus filter humus 

10 

6-8 

Primary plus activated sludge 

8 

4-6 


“1.0 lb/ftVday = 4.88 kg/m^-d 
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Solution: 


tank area required = 


1130 

10 


= 113 ft^ 


diameter = 


113 X 4 


TT 


= 12.0 ft 


Use a depth of 10.0 ft. 


volume of applied sludge = 


1130 

0.045 X 62.4 
= 3010 gpd 


= 402 ftVday 


overflow rate of applied sludge = 


3010 

113 


= 27 gpd/ft^ 


supplemental dilution flow to attain 400 gpd/ft^ = (400 - 27)113 = 42,000 gpd 

1130 X 0 95 

volume of thickened sludge = -^— = 215 ftVday 

® (8.0/100)62.4 ^ 

solids retention time = -= 38 hr 

215 ■ 


13.7 Gravity Sludge Thickeners in Water Treatment 

The performance of thickeners processing water treatment plant wastes varies with 
the character of the water being treated and the chemicals applied. Alum sludges 
frorh surface water coagulation settle to a density in the range of 2%—6% solids. 
Coagulation—softening mixtures from the treatment of turbid river waters gravity 
thicken approximately as follows: alum-lime sludge, 4%-10%; iron-lime settlings, 
10%—20%; alum-lime filter wash water, about 4%; and iron—lime backwash, up to 8%. 
The density achieved in gravity thickening relates to the calcium-magnesium ratio in 
the solids, quantity of alum, nature of impurities removed from the raw water, and other 
factors. Calcium carbonate residue from groundwater softening consolidates to 15%-- 
25% solids. In most cases, special studies have to be conducted at a particular water¬ 
works to determine settleability of solids in waste sludges and wash water. Flocculation 
aids are used to improve clarification in most cases. 

Relatively dense chemical slurries are thickened in tanks similar to the one shown 
in Fig. 13.7. Thin sludges and backwash waters may be concentrated in clarifier- 
thickeners that have an inlet well equipped with mixing paddles, where the feed can be 
flocculated with polymers or other coagulants. Holding tanks are used to dampen hy¬ 
draulic surges of filter wash water. These units can be plain t ank s with mixers or clari¬ 
fiers equipped for removing settled solids and decanting clear supernatant. 

Evaluating the performance of a thickener often involves mass balance calcula¬ 
tions. Overflow plus underflow solids equals influent solids. Also, the sum of over¬ 
flow and underflow volumes is equal to the quantity of applied sludge and supplementarj 
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dilution water. These values can be calculated using Eq. (13.3), as illustrated in 
Example 13.8. 

■ EXAMPLE 13.8 An alum-lime slurry with 4.0% solids content is gravity thickened 
to 20% with a removal efficiency of 95%. Calculate the quantity of underflow per 1.0 
of slurry applied and the concentration of solids in the overflow. Assume a specific 
gravity of 2.5 for the dry solids. 

Solution: 


solids applied = 1.0 X 1000 kg/m^ X 0.04 = 40 kg 
underflow solids = 0.95 X 40 = 38 kg 
The specific gravity of underflow using Eq. (13.2) is 

80 + 20 

S =--= 1.14 

(80/1.0) + (20/2.5) 

38 

volume of underflow [Eq. (13.3)] = — ---—- = 0.17 m^ 

^ ^ 0.20 X 1000 X 1.14 


volume of overflow = 1.0 - 0.17 = 0.83 m^ 
From Eq. (13.3), the concentration of solids in the overflow is 


s 


0.05 X 40 X 100 
0.83 X 1000 X 1.0 


= 0.24% = 2400 mg/1 


GRAVITY BELT THICKENING 

The stand-alone gravity belt thickener is an outgrowth of the development of the belt 
filter press (Section 13.20), which has a gravity drainage zone for initial thickening prior 
to the pressure dewatering zone. After flocculation of a sludge, conveyance on a con¬ 
tinuous porous belt supported horizontally on an open framework allows the separated 
water to drain freely through the belt. In addition to mechanical development, success 
of gravity belt thickening is attributable to the availability of improved polymers for 
flocculation of sludge solids to release bound water. The conunon application is separate 
thickening of waste-activated sludge prior to aerobic digestion or to blending with pri¬ 
mary sludge for anaerobic digestion. 

15.8 Description of a Gravity Belt Thickener 

The feed sludge is conditioned by applying a polymer solution through an injection ring 
shead of a variable orifice venturi mixer that discharges into the bottom of a feed reten¬ 
tion tank. Adequate conditioning is necessary to ensure flocculation by agglomerating 
the solids to reduce their affinity to water so that drainage can occur. After flowing up 
through the retention tankj to allow formation of larger floe and free water, the floccu¬ 
lated sludge is uniformly applied across the belt through a chute. 





As illustrated in Fig. 13.8, the porous belt moves horizontally across the drainage 
zone to the drive roller where the thickened sludge slurry is discharged. It then passes 
un emeath where the belt is washed, maintained in alignment by a steering roller, and 
returns to the top by passing over the belt tensioning roller. In the drainage zone, the 
belt is supported by bars that wipe the underside of the belt, and sludge is prevented 
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from flowing off the sides of the belt by retainers and rubber seals. To open channels in 
the sludge layer being conveyed along the belt, plastic drainage elements are supported 
just above the belt surface. The filtrate is collected in a pan under the drainage zone and 
discharged below the machine. The belt is fabricated of monofilament polyester with 
the mesh design, porosity, and tensile properties based on the kind of sludge being thick¬ 
ened. The effective dewatering length (horizontal travel distance of the belt) varies with 
manufacturer from 12 to 14 ft (3.8 to 4.3 m). The effective widths of belts are 1.0,1.5, 
2.0, and 3.0 m. 

The thickened sludge, usually in the range of 5%-8% solids, is a loose, wet slurry 
subject to splashing; therefore, the scraper blade and discharge hopper are surrounded 
by a shield. The rubber-covered drive roller that provides traction to pull the belt is 
powered by an electric motor with a drive train for variable speed up to 100 fpm. Since 
woven monofilament polyester fabrics have visible clear openings, solids can penetrate 
the pores of the fabric, requiring washing with a high-pressure water spray. The spray 
containment housing has a wash tube with jet nozzles and an internal brush with a 
handwheel for cleaning nozzles during operation. The steering assembly monitors 
the position of the belt and shifts the steering roller to maintain belt alignment. A 
sensing unit in contact with the edge of the belt signals the roller positioning unit, which 
can be either a hydraulic or a pneumatic system. Variable belt tension is established 
and controlled by a roller held in a yoke tensioned by either hydraulic or pneumatic 
cylinders. 


13.9 Layout of a Gravity Belt Thickener System 

A complete separate system of auxiliary equipment, as shown in Fig. 13.9, is recom¬ 
mended for each gravity belt thickener. The sludge feed must be applied at a uniform 
rate by a plunger pump, progressing cavity pump, or at higher feed rates by a centrifugal 
pump. A variable-speed drive is necessary with a maximum pumping capacity greater 
than the design hydraulic loading. The polymer preparation and feed equipment is de¬ 
signed with flexibility to allow for variations in feed rate and use of different kinds of 
polymers. Dry flake or microbead polymer has greater than 95% active solids and is 
commonly prepared for feed at a concentration of 0.2% total solids; emulsion forms are 
25%-50% active solids and prepared at 0.5%; and liquid forms are 2%—8% active 
solids prepared at 2.0%. For accuracy in polymer addition, the metering pump is positive 
displacement with a speed regulator. The sludge mixed with polymer is applied to the 
belt after upward flow through the feed retention tank. 

Shown at the top of Fig. 13.9 are the air compressor, or hydraulic unit, to control 
fhc belt tension cylinder and steering mechanism and the wash-water booster pump. The 
supply of wash water is 15—20 gpm/m (1-1.3 l/s*m) at a pressure of 80—100 psi. For 
cleaning the belt, either clear plant effluent or potable water can be used as a supply. The 
electric control panel provides for automatic, sequenced start-up and shut-down, with 
uionitoring at each step in the cycle to provide prewetting of the belt prior to sludge 
application and discharge of sludge slurry and belt washing upon shut-down. Alarm 
conditions shut down the system in case of serious belt misalignment, low air or hydrau¬ 
lic pressure, low wash-water pressure, or broken belt or belt drive. All auxiliary equip- 
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merit for each press is controlled from one panel. For return to the plant inlet, the filtrate 
and belt wash water are collected in a drain under each machine. The thickened sludge 
is pumped for further processing. 

13.10 Sizing of Gravity Belt Thickeners 

The main operating parameters of a gravity belt thickener are hydraulic loading, solids 
loading, and polymer dosage. Hydraulic loading is expressed in gallons per minute per 
meter of belt width (cubic meters per meter per hour). Solids loading is expressed as the 
pounds of total dry solids feed per meter per hour (kilograms per meter per hour). Poly¬ 
mer dosage is calculated as pounds applied per ton of total dry solids in the sludge feed 
(kilograms per tonne). The key performance parameter is concentration of dry solids by 
weight in the thickened sludge expressed as a percentage. 
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Thickened sludge is usually in the range of 5%-8% solids when the feed is condi¬ 
tioned with sufficient polymer and solids capture is 95% or more. Underdosing produces 
unstable floe formation and poor drainage, resulting in reduced solids concentration, 
lower solids capture, and the necessity to reduce feed rate. Overdosing, though giving 
the appearance of improved operation by better drainage and higher solids concentra¬ 
tion, can, after an extended period of operation, prevent proper drainage by blinding the 
porous belt as the excess polymer forms a skin on the surface of the belt. Maintaining 
optimum polymer feed rate is important for cost-effective operation. 

Drainage belts are available in various porosities affecting drainage rate and solids 
capture. Design selection is based on documented experience at other plants thickening 
a sludge with similar characteristics. Similarly, hydraulic loading and speed of the belt 
are based on the kind and concentration of waste solids and dewaterabilily after polymer 
conditioning. To account for seasonal and operational variations in the volume of sludge 
produced, a conservative capacity is normally selected in design. The maximum weekly 
production of dry solids may be greater than 25% of the annual average, and the water 
content may increase as much as 50% to double the sludge volume. The maximum 
hydraulic capacity of a gravity belt thickener is usually 50%-80% greater than the de¬ 
sign rating to allow increased loading of conditioned sludge at increased belt speed. 
Conversely, decreasing capacity can be achieved by reducing hydraulic loading, poly¬ 
mer feed rate, and belt speed. The minimum capacity is normally 25% of design rating. 
Since the horizontal travel distance between sludge application and discharge is fixed, 
belt speed affects the time allowed for drainage. At higher belt speed, the thickened 
sludge solids concentration is likely to decrease, while at slower speed, the solids con¬ 
tent is likely to increase. 

Design of a thickening facility considers the size of the treatment plant and desired 
flexibility of operation. The selection of belt filters depends on the quantity of sludge 
production, design feed rate, and operating time. Gravity thickeners are manufactured 
with active belt widths of 1.0, 1.5, 2.0, and 3.0 m. Unless adequate storage is avail¬ 
able in sludge treatment units, at least two machines are installed so one can operate 
while the other is out of service for maintenance. In a small plant, the operating time 
may be 7 hr/day, whereas in a larger plant, operating time may be for a period of 15 
or 23 hr/day. These schedules allow 1 hr for start-up and shut-down. Approximate 
operating parameters for gravity belt thickening of two kinds of sludge are listed in 
Table 13.5. Because published operational data are limited, these listed values should 
not be relied on for design without verification. For a machine of a particular manufac¬ 
turer, operating experience at other installations thickening a sludge of similar charac¬ 
teristics is essential. In general, belt filter capacity should be prudently selected for new 
installations to account for the probable inaccuracy in projecting performance and peak 
sludge volume. 

■ example 13.9 As originally constmeted, a conventional activated-sludge plant 
was piped to return waste-activated sludge to the plant inlet or blend it with primary 
sludge. Retur nin g the waste sludge to the inlet upset the primary clarifiers, resulting in 
floating solids, foul odors, and thinner sludges. After blending the waste-activated and 
primary sludges, the mixture was less than 3% solids, which was too low for good 
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Table 13.5 Approximate Results from Gravity Belt Thickening 
of Polymer Flocculated Wastewater Sludges_ 


TYPE OF SLUDGE 

FEED 

SOLIDS 

(%) 

HYDRAULIC 

LOADING 

(gpm/m)" 

SOLIDS 

LOADING 

(Ib/m/hr)" 

THICKENED 

SLUDGE 

SOLIDS 

(%) 

ACTIVE 

POLYMER 

DOSAGE 

(Ib/ton)' 

Waste activated 

0.5-2 

150-250 

600-2000 

5-8 

4-8 

Anaerobically digested 
primary plus waste 
activated 

2.5-5 

100-150 

2000-3000 

6-10 

5-10 


" 1.0 gpm/m = 0.225 mVm • h 
* 1.0 Ib/m/hr = 0.454 kg/m ■ h 
1.0 Ib/ton = 0.500 kg/tonne 


operation of anaerobic digestion. The proposed solution is to modify the sludge pro¬ 
cessing system by installing gravity belt thickeners to concentrate the solids in the 
waste-activated sludge and a blending tank to mix this thickened sludge with the primary 
sludge prior to digestion, as diagrammed in Fig. 13.3(a). If the waste-activated sludge 
were thickened to 5%-8%, the mixed sludge would be in the range of 6%-7%. 

Size two gravity belt thickeners to increase the solids content of the waste-activated 
sludge to 5%-8% at the plant design load of 15.0 mgd. During the maximum month, 
the average plant wastewater load is 10.9 mgd. Normal operation of the activated-sludge 
process produces an average of 72,000 gpd with a solids concentration of 1.12% 
(11,200 mg/1). Poor operation, which may periodically last for one or two weeks, results 
in an average of 102,000 gpd with 0.81% solids. 

Solution: Assuming similar operating conditions at design load, the volume of waste- 
activated sludge production would be: 

Volume with normal operation = (15.0/10.9)72,000 

= 99,100 gpd 

Volume with poor operation = (15.0/10.9)102,000 

= 140,000 gpd 

Design operation of the gravity belt thickeners is to be 7 days per week for a maximum 
of 7 hr/day. During normal operation, assume a conservative hydraulic loading of 
150 gpm/m from Table 13.5 to calculate the required belt width and solids loading. 

99 100 

Belt width required at 150 gpm/m = -^- = 1.57 m 

150 X 7 X 60 

Solids loading at 150 gpm/m = 150 X 8.34 X 0.0112 X 60 

= 840 Ib/m/hr 

During poor operation, calculate the required belt widths and solids loadings for both 
the lower hydraulic loading limit of 150 gpm/m and the upper limit of 250 gpm/m from 
Table 13.5. 
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Belt width required at 150 gpm/m 
Solids loading at 150 gpm/m 

Belt width required at 250 gpm/m = —----— = 1.33 m 

250 X 7 X 60 

Solids loading at 250 gpm/m = 250 X 8.34 X 0.0081 X 60 

= 1010 Ib/m/hr 


140,000 

-- = 2.22 m 

150 X 7 X 60 

= 150 X 8.34 X 0.0081 X 60 
= 608 Ib/m/hr 


Installation of two 1.5-m gravity belt thickeners satisfies both the hydraulic and solids 
loading ranges given in Table 13.5 during the maximum month with one unit in 
operation. 

During normal activated-sludge process operation, 

99 100 

Hydraulic loading = , , ^ = 157 gpm/m 

i.J X / X ou 

Solids loading = 157 X 8.34 X 0.0112 X 60 = 880 Ib/m/hr 
During poor activated-sludge process operation, 

140,000 

Hydraulic loading = --- • = 222 gpm/m 

1.5 X 7 X 60 

Solids loading = 222 X 8.34 X 0.0081 X 60 = 900 Ib/m/hr 

For the few weeks of poor operation, both thickeners could be operated for 7 hr or less 
using the combined belt width of 3.0 m to lower the hydraulic loading to 150 gpm/m. 
Alternately, if one thickener were out of service, the other one could be operated for 
10.4 hr at 150 gpm/m. * 


FLOTATION THICKENING 

Air flotation is applicable in concentrating waste-activated sludge and pretreatment of 
industrial wastes to separate grease or fine particulate matter. Fine bubbles to buoy up 
particles may be generated by air dispersed through a porous medium, by air drawn 
from the liquid under vacuum, or by air forced into solution under elevated pressure 
followed by pressure release. The latter, called dissolved-air flotation, is the process 
used to thicken waste-activated sludge. 


13.11 Description of Dissolved-Air Flotation 

The major components of a typical flotation system are sludge pumps, chemical feed 
equipment to apply polymers, an air compressor, a control panel, and a flotation unit. 
Figure 13.10 is a schematic diagram of a dissolved-air system. Influent enters near the 
tank bottom and exits from the base at the opposite end. Float is continuously swept 
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Figure 13.10 Schematic diagram of a dissoived-air flotation system. 


from the liquid surface and discharged over the end wall of the tank. Effluent is recycled 
at a rate of 30% -150% of the influent flow through an air dissolution tank to the feed 
inlet. In this manner, compressed air at 60-80 psi is dissolved in the return flow. After 
pressure release, minute bubbles with a diameter about 80 fxm pop out of solution. They 
attach to solid particles and become enmeshed in sludge floes, floating them to the sur¬ 
face. The sludge blanket, varying from 8 to 24 in. thick, is skimmed from the surface. 
Flotation aids are introduced in a mixing chamber at the tank inlet. 

The operating variables for flotation thickening are air pressure, recycle ratio, 
detention time, air/solids ratio, solids and hydraulic loading rates, and application of 
chemical aids. The operating air pressure in the dissolution tank influences the size of 
bubbles released. If too large, they do not attach readily to sludge particles, while too 
fine a dispersion breaks up fragile floe. Generally, a bubble size less than 100 /im is best; 
however, the only practical way to establish the proper rise rate is by conducting experi¬ 
ments at various air pressures. 

Recycle ratio is interrelated with feed solids concentration, detention time, and air/ 
solids ratio. Detention time in the flotation zone is not critical, providing that particles 
rise rapidly enough and the horizontal velocity does not scour the bottom of the sludge 
blanket. An air/solids ratio of 0.01-0.03 lb of air/lb of solids is sufficient to achieve 
acceptable thickening of waste-activated sludge. Optimum recycle ratio must be deter¬ 
mined by on-site studies. 

Operating data from plant-scale units indicate that solids loadings of 2-4 Ib/ftVhr, 
with hydraulic flows of about 1 gpm/ft^, can produce floats of 4%-8% solids. Without 
polymer addition, solids capture is 70%-90%. However, removal efficiency increases 
to a mean of 97%, with an active polymer dosage of approximately 10 lb/ton of dry 
suspended solids. This is the reason most wastewater installations use polymers as flo¬ 
tation aids. 
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Table 13.6 Design Parameters for Dissolved-Air Flotation of 
Waste-Activated Sludge with Addition of Polymer Flotation Aids 


PARAMETER 

TYPICAL 
DESIGN VALUE 

ANTICIPATED 

RESULTS 

Solids loading (Ib/ft^/hr)" 

2 

3-5 

Float concentration (%) 

4 

5-6 

Removal efficiency 

90-95 

97 

Polymer addition 

(Ib/ton of dry solids) 

10 

5-10 

Air/solids ratio 

(lb of air/lb of solids) 

0.02 


Effluent recycle ratio 

(% of influent) 

40-70 


Hydraulic loading 

(gpm/ft^) 

0.8 maximum 



“1.0 lb/ftVhr = 4.88 kg/m^-h 


13.12 Design of Dissolved-Air Flotation Units 

Wherever possible, laboratory and pilot-scale tests are recommended to help determine 
specific design criteria for a given waste. Notwithstanding, the suggested design criteria 
for flotation thickening of typical waste-activated sludges are listed in Table 13.6. A 
conservative solids design loading is 2 Ib/ft^/hr (10 kg/m^*h) with the use of flotation 
aids. From actual operating data, at least 3 Ib/ftVhr can be expected, and most thickeners 
have a built-in capacity for 4—5 Ib/ftVhr loadings. While a 4% minimum float conwn 
tration is specified for design purposes, 5%-6% solids can normally be expected, o 
tation without polymers generally results in a concentration that is about 1 perwntage 
point less than with chemical aids. Removal efficiency varies from 90% to o wi 
polymer addition. The maximum hydraulic loading for design is set at 0. gpm 
(0.54 l/m^-s); this is equivalent to applying a waste with a solids concentration ot 
5000 mg/1 at a loading of 2 Ib/ftVhr. Lower solids levels or higher hydraulic loadings 

result in lower removal efficiencies and/or float densities. 

The typical design values recommended in Table 13.6 apply to anticipated average 
sludge production. This procedure provides a significant safety factor and permits flexi¬ 
bility in operations. Peak solids loads at municipal treatment plants can usua y 
accommodated, since these conservative design criteria allow am^imum 
nearly 100% greater than the average without a serious drop in 
the most critical condition is during a period of sludge bulking ^ ^ tn the 

liquor is more difficult to thicken and maximum hydraulic loading is applied 

”°“s“inTof flotation units for an existing ptat can be calculat^ 

on sludge quantities, characteristics, and solids concentrations, or ” oortion 

raw wastewater is often assumed to contain 0.24 lb of dry “ 

of these solids is mmoved in primary setfling, UkX^fb^ 

activated-sludge production is 0.12 Ib/capita/day. nie actual amount is likely to be 
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closer to one-half of this value, because of biological decomposition. Solids yield in an 
activated-sludge process without primary settling may be safely assumed to be 0.201b/ 
capita/day for domestic wastewater. If the waste sludge from such a system is aerobi¬ 
cally digested, the concentration of solids is reduced by about 35%. 

Operating hours of a flotation unit depend on size of plant and the working sched¬ 
ule. Although a unit does not require continuous operator attention, periodic checb of 
a system are scheduled. Generally, a 48 hr-week is adequate for plants with capacities 
of less than '2 mgd. For systems of 2-5 mgd, two shifts 5 days per week establishes an 
operating period of 80 hr/week. Treatment plants handling more than 20 mgd have 
operators on duty continuously, and thickening units are mn on a schedule appropriate 
for sludge dewatering and disposal. 


■ EXAMPLE 13.10 A dissolved-air flotation thickener is being sized to process waste- 
activated sludge based on the design criteria given in Table 13.6. The average waste flow 
is 33,600 gpd at 15,000 mg/1 (1.5%) suspended solids, and the maximum daily quantity 
contains 50% more solids at a reduced concentration of 10,000 mg/1. What is the peak 
daily hydraulic loading that can be processed? Base all computations on a 14-hr/day 
operating schedule. 

Solution: The flotation tank surface area required for the average daily flow at a design 
loading of 2.0 Ib/ftVhr for a 14-hr/day schedule is 


area 


33,600 X 0.015 X 8.34 
2.0 X 14 


4200 

28 


150 ft2 


Check the solids loading and overflow rate at maximum daily sludge production: 


maximum solids loading 


maximum sludge volume 


1.5 X 4200 
150 X 14 

1.5 X 4200 
0.01 X 8.34 


3.0 1b/ftVhr (OK) 
75,500 gpd 


maximum hydraulic loading = 


75,500 

150 X 14 X 60 


0.60 gpm/ft^ (OK) 


peak hydraulic loading based on 0.80 gpm/ft^ = 0.80 X 150 X 14 X 60 

= 100,000 gpd 


BIOLOGICAL SLUDGE DIGESTION 

Biological digestion of sludge from wastewater treatment is widely practiced to stabilize 
the organic matter prior to ultimate disposal. Anaerobic digestion is used in plants 
employing primary clarification followed by either trickling-filter or activated-sludge 
secondary treatment. Aerobic digestion stabilizes waste-activated sludge from aeration 
plants without primary settling tanks. The fundamental differences between aerobic and 
anaerobic digestion are illustrated in Figs. 12.2 and 12.3. The end product of aerobic 
digestion is cellular protoplasm, and growth is limited by depletion of the available 
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carbon source. The end products of anaerobic metabolism are methane, unused organics, 
and a relatively small amount of cellular protoplasm. Growth is limited by a lack of 
hydrogen acceptors. Anaerobic digestion is basically a destructive process, although 
complete degradation of the organic matter under anaerobic conditions is not possible. 


13.13 Anaerobic Sludge Digestion 

Anaerobic digestion consists of two distinct stages that occur simultaneously in digesting 
sludge (Fig. 12.13). The first consists of hydrolysis of the high-molecular-weight organic 
compounds and conversion to organic acids by acid-forming bacteria [Eq. (12.3)]. The 
second stage is gasification of the organic acids to methane and carbon dioxide by the 
acid-splitting methane-forming bacteria [Eq. (12.4)]. 

Methane bacteria are strict anaerobes and very sensitive to conditions of their en¬ 
vironment. The optimum temperature and pH range for maximum growth rate are lim¬ 
ited. Methane bacteria can be adversely affected by excess concentrations of oxidized 
compounds, volatile acids, soluble salts, and metal cations and also show a rather ex¬ 
treme substrate specificity. Each species is restricted to the use of only a few com¬ 
pounds, mainly alcohols and organic acids, whereas the normal energy sources, such as 
carbohydrates and amino acids, are not attacked. An enrichment culture developed on a 
feed of acetic or butyric acid cannot decompose propionic acid. The sensitivity exhibited 
by methane bacteria in the second stage of anaerobic digestion, coupled with the rugged 
nature of the acid-forming bacteria in the first stage, creates a biological system where 
the population dynamics are easily upset. Any shift in environment adverse to the popu¬ 
lation of methane bacteria causes a buildup of organic acids, which in turn further re¬ 
duces the metabolism of acid-splitting methane formers. 

Pending failure of the anaerobic digestion process is evidenced by a decrease in gas 
production, a lowering in the percentage of methane gas produced, an increase in the 
volatile acids concentration, and eventually a drop in pH when the accumulated volatile 
acids exceed the buffering capacity created by the ammonium bicarbonate in solution. 
Therefore, the operation of a digester can be monitored by any of the following methods: 
plotting the daily gas production per unit raw sludge fed, the percentage of carbon 
dioxide in the digestion gases, or the concentration of volatile acids in the digesting 
sludge. A reduction in gas production, an increase in carbon dioxide percentage, and 
a rise in volatile acids concentration all indicate reduced activity of the acid-splitting 
methane-forming bacteria. Digester failure may be caused by any of the following: a 
significant increase in organic loading, a sharp decrease in digesting sludge volume (i.e., 
when digested sludge is withdrawn), a sudden increase in operating temperature, or the 
accumulation of a toxic or inhibiting substance. 

The Environmental Protection Agency specifies processing requirements for appli¬ 
cation of digested sludge as biosolids on agricultural land [1]. Anaerobic digestion 
reduces pathogens so that public health is not threatened, provided site restrictions mini¬ 
mize the potential for human and animal contact until after natural die-off reduces any 
remaining pathogens. The criteria for adequate digestion are a solids retention time 
(mean cell residence time) and temperature between 15 days at 35 C (95 F) and 60 days 
at 20'’C (68°F). Stabilization for vector reduction is at least 38% reduction in volatile 
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Table 13.7 General Conditions for Sludge Digestion 
Temperature 


Optimum 

98°F(37°C) 

General range of operation 

85°-95°F(29°-35“C) 

pH 

Optimum 

1 

o 

r-^ 

General limits 

6.7-7.4 

Gas production 

Per pound of volatile solids added 

8-12ftM230-3401) 

Per pound of volatile solids destroyed 

16-18 ftM450-5101) 

Gas composition 

Methane 

65%-69% 

Carbon dioxide 

31%-35% 

Hydrogen sulfide 

Trace 

Volatile acids concentration as acetic acid 

Normal operation 

200-800 mg/l 

Maximum 

Approx. 2000 mg/l 

Alkalinity concentrations as CaCOj 

Normal operation 

2000-3500 mg/l 

Minimum solids retention times 

Single-stage digestion 

25 d 

High-rate digestion 

15 d 

Volatile solids reduction 

Single-stage digestion 

50%-70% 

High-rate digestion 

50% 


solids. Of the 10 toxic metals controlled, cadmium is of greatest concern since it is 
suspected of being taken up by plants to enter the human food chain [6]. 

General conditions for mesophilic sludge digestion are given in Table 13.7. 


13.14 Single-Stage Floating-Cover Digesters 

The cross section of a floating-cover digestion tank is shown in Fig. 13.11. Raw sludge 
is pumped into the digester through pipes terminating either near the center of the tank 
or in the gas dome. Pumping sludge into the dome helps to break up the scum layer that 
forms on the surface. 

Digested sludge is withdrawn from the tank bottom. The contents are heated in the 
zone of digesting sludge by pumping them through an external heater and returning the 
heated slurry through the inlet lines. The tank contents stratify with a scum layer on top 
and digested thickened sludge on the bottom. The middle zones consist of a layer of 
supernatant (water of separation) underlain by the zone of actively digesting sludge. 
Supernatant is drawn from the digester through any one of a series of pipes extending 
out of the tank wall. Digestion gas from the gas dome is burned as fuel in the external 
heater or wasted to a gas burner. 

The weight of the cover is supported by sludge, and the liquid forced up between 
the tank wall and the side of the cover provides a gas seal. Gas rises out of the digesting 
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Figure 13.11 Cross-sectional diagram of a floating-cover 
anaerobic digester. 


sludge, moves along the ceiling of the cover, and collects in the gas dome. The cover 
can float on the surface of the sludge between the landing brackets and the height of 
the overflow pipe. Rollers around the circumference of the cover keep it from binding 
against the tank wall. 

Three functions of a single-stage floating-cover digester are (1) anaerobic digestion 
of the volatile solids, (2) gravity thickening, and (3) storage of the digested sludge. A 
floating-cover feature of the tank provides for a storage volume equal to approximately 
one-third that of the tank. The unmixed operation of the tank permits gravity thickening 
of sludge solids and withdrawal of the separated supernatant. Anaerobic digestion of the 
sludge solids is promoted by maintaining near optimum temperature and stirring the 
digesting sludge through the recirculation of heated sludge. However, the rate of bio¬ 
logical activity is inhibited by the lack of mixing; on the other hand, good mixing would 
prevent supernatant formation. Therefore, in single-tank operation, the biological pro¬ 
cess is compromised to allow both digestion and thickening to occur in the same tank. 

In the operation of an unmixed digester, raw sludge is pumped to the digester from 
the bottom of the settling tanks once or twice a day. Supernatant is withdrawn daily and 
returned to the influent of the treatment plant. It is normally returned by gravity flow to 
the wet well during periods of low raw-wastewater flow, or, in the case of an activated- 
sludge plant, it may be pumped to the head end of the aeration basin. Because of the 
floating cover, supernatant does not have to be drawn off simultaneously with the pump¬ 
ing of raw sludge into the digester. 

Digested sludge is stored in the tank and withdrawn periodically for disposal. 
Spreading of liquid sludge from smaller plants on grassland or cropland is common 
practice in agricultural regions. In larger plants, it is mechanically dewatered and used 
a fertilizer and soil conditioner or hauled to land burial. In either case, weather often 
dictates the schedule for digested sludge disposal. In northern climates, the cover is 
lowered as close as possible to the corbels (landing brackets) in the fall of the year to 
provide maximum volume for winter sludge storage. 
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13.15 High-Rate (Completely Mixed) Digesters 

The biological process of anaerobic digestion is significantly improved by complete 
mixing of the digesting sludge either mechanically or by use of compressed digestion 
gases. Mechanical mixing is normally accomplished by an impeller suspended from 
the cover of the digester [Fig. 13.12(a)]. Three common methods of gas mixing are the 
injection of compressed gas through a series of small-diameter pipes hanging from the 
cover into the digesting sludge [Fig. 13.12(b)]; the use of a draft tube in the center of 
the tank, with compressed gas injected into the tube to lift recirculating sludge from the 
bottom and spill it out on top [Fig. 13.12(c)]; and supplying compressed gas to a number 
of diffusers mounted in the center at the bottom of the tank [Fig. 13.12(d)]. 

A completely mixed digester may be either a fixed- or a floating-cover tank. Di¬ 
gesting sludge is displaced when raw sludge is pumped into a fixed-cover digester. By 
use of a floating cover, tank volume is available for the storage of digesting sludge, and 
withdrawals do not have to coincide with the introduction of raw sludge. 

The homogeneous nature of the digesting sludge in a high-rate digester does not 
permit forrhation of supernatant. Therefore, thickening cannot be performed in a com¬ 
pletely mixed digester. High-rate digestion systems normally consist of two tanks oper- 



Figure 13.12 High-rate digester-mixing systems, (a) Mechanical mixing. 

(b) Gas mixing using a series of gas discharge pipes, (c) Gas mixing using a central 
draft tube, (d] Gas mixing using diffusers mounted on the tank bottom. 
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Figure 13.13 Sketch of a two-stage anaerobic digestion system (a) The firet 
stage is a compietely mixed high-rate digester with a fixed cover. The second 
stage is a thickening and storage tank covered with a dorne for collecting and 
storing gas. (b) Photograph of two-stage digesters. (Lincoln, NE.j 


ated in series (Fig. 13.13). The first stage is a completely mixed, heated, floating-, or 
fixed-cover digester fed as continuously as possible, whose function is anaero ic iges 
tion of the volatile solids. The second stage may be heated or unheated, and it accom¬ 
plishes gravity thickening and storage of the digested sludge. Two-stage systems may 
consist of two similar floating-cover tanks with provisions for mixing in one tan 


13.16 Volatile Solids Loadings and Digester Capacity 

Typical ranges of loadings and detention times employed in the ^ o 

heated anaerobic digestion tanks treating domestic waste s u ge are is ® cinele- 

Values given for volatile solids loading and digester capacity ’ j 

stage digesters are based on the total sludge volume 

ume wkh the floating cover fully raised). Figures given for 

only to the volume needed for the first-stage tank. 

standards for the tank capacity required in second-stage thicke i g P 

“"coding applied to a digester is e.p^sed in terms of p»nds of — soU^ 
applied per day per cubic foot of digester capacity. Detention ume is the volume 
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Table 15.8 Loadings and Detention Times for Heated Anaerobic Digesters 



CONVENTIONAL 

SINGLE-STAGE 

(UNMIXED) 

FIRST-STAGE 
HIGH-RATE 
(COMPLETELY MIXED) 

Loading (Ib/ft Vday of VS)“ 

0.02-0.05 

0.1-0.2 

Detention time (days) 

30-90 

15 

Capacity of digester (ft ^/population 



equivalent)* 



Primary only 

2-1 

0.4-0.6 

Primary and secondary 

4-6 

0 

Volatile solids reduction (%) 

50-70 

50 


1.0 lb/ftVday= 16.0 kg/m^-d 
1.0 = 0.0283 m’ 


tank divided by the daily raw-sludge pumpage. Digester capacity in Table 13.8 is given 
in terms of cubic feet of tank volume provided per design population equivalent of the 
treatment plant. 

The Recommended Standards of the Great Lakes-Upper Mississippi River Board 
of State Public Health & Environmental Managers [6] recommends a maximum of 
0.08 Ib/ftVday of VS (1.3 kg/m^*d) for high-rate digestion and a maximum of 0.04 lb 
(0.6 kg) of VS loading for single-stage operation. These loadings assume that the raw 
sludge is derived from domestic wastewater, the digestion temperature is in the range of 
85'’-95°F (29°-35'’C), volatile solids reduction is 40%-50%, and the digested sludge 
is removed frequently from the digester. 

The capacity required for a single-stage floating-cover digester can be determined 
by the formula 

V = X T, + V 2 X Tz (13.11) 

where 

V = total digester capacity, ft^ (m^) 

V, = volume of average daily raw-sludge feed, ftVday (mVd) 

V 2 = volume of daily digested sludge accumulation in tank, ftVday (m^/d) 

r, = period required for digestion, days [approximately 25 days at a temperature 
of85°-95°F(29“-35°C)] 

72 = period of digested sludge storage, days (normally 30-120 days) 

Figure 13.14 is a pictorial representation of Eq. (13.11). 

Predicting daily volumes of raw sludge produced and the digested sludge accumu¬ 
lated as required in Eq. (13.11) is often difficult. Therefore, the capacity of conventional 
digesters frequently is based on empirical values relating digester capacity to the equiva¬ 
lent population design of the plant (Table 13.8). Values of 5 and 6 ftVcapita (0.14 and 
0.17 m^/capita) are frequently used for high-rate trickling-filter plants and activated- 
sludge plants, respectively. 

The minimum detention time for satisfactory high-rate digestion at 95°F (35®C) is 
approximately 15 days. In general, this limiting period depends on the minimum time 
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Daily 

digested 

sludge 


Figure 13.14 Pictorial presentation of Eq. (13.11). 


required to digest the grease component of raw sludge. Also, too little detention time 
results in depletion of the methane-bacteria populations, since they are washed out of 
the digester. The maximum volatile solids loadings, at a 15-day detention time, vary 
from 0.1 to 0.2 Ib/ftVday (1.6-3.2 kg/m^-d) for adequate volatile solids destruction and 
gas production. For larger treatment plants with uniform loading conditions, design val¬ 
ues of a 15-day minimum detention time and maximum 0.15 Ib/ftVday of VS loading 
appear to be satisfactory. Digesters for small treatment plants with wider variations in 
daily sludge production should be planned using more conservative loading rates. 

The capacities required for a high-rate digestion system can be determined by the 
following equations: 

y, = V, X r (13.12) 


where 


and 


where 


Vi = digester capacity required for first-stage high-rate, ft^ (m ) 
y, = volume of average daily raw sludge feed, fP/day (m /d) 

T = period required for digestion, days 


v„ = X r, + v, X n 


(13.13) 


V„ = digester capacity required for second-stage digested sludge thickening 

and storage, ft^ (m^) 

V, = volume of digested sludge feed = volume of average daily raw sludge, 

ftVday (mVd) 

= volume of daily digested sludge accumulation in tank, ftVday (m /d) 

Ti = period required for thickening, days 
T 2 — period of digested sludge storage, days 

Figure 13.15 explains Eqs. (13.12) and (13.13). 

■ EXAMPLE 13.11 A high-rate trickling-filter plant treats a domestic 

of 0.48 mgd. Characteristics of the wastewater are identical to those in Table IZT 

Determine^he digester capacities required for a single-stage floating-cover diges 10 
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Figure 13.15 Diagrams for Eqs. (15.12) and {13.13). 


system. Digested sludge is to be dried on sand beds, and the longest anticipated storage 
period required is 90 days. 

Solution: 


Equivalent population = 4000 at 0.24 lb per capita 
Assume the following: 

water content in raw sludge = 96% 
volatile solids in raw sludge solids = 70% 
water content of digested sludge = 94% 
volatile solids reduction = 50% 


The volume of raw sludge, from Eq. (13.3), is 

4000 X 0.24 


V = 


= 385 ftVday 


[(100 - 96)/100]62.4 
The volume of digested sludge is 

V = 0-30(4000 X 0.24) + 0.70 X 0.50(4000 X 0.24) ^ 

[(100 - 94)/100]62.4 ^ 

Substituting into Eq. (13.11) yields 

y = [(385 + 167)/2]25 + 167 X 90 = 21,900 ft' 
Check the volatile solids loading: 

0.70 X 4000 X 0.24 


21,900 

Verify the digester capacity per capita; 

21,900 


= 0.031 Ib/ftVdayofVS 


4000 


= 5.5 ft'/population equivalent 


(This value is in the range of the empirical design figure of 4-6 ft'/day/population 
equivalent given in Table 13.7.) * 
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■ EXAMPLE 13.12 A high-rate digester operating at a minimum temperature of 30°C 
with a volume of 2800 is fed 180,000 1/d of raw sludge with 7400 kg of solids that 
are 70% volatile. Calculate the concentration of solids in the raw sludge, in the digested 
sludge assuming 50% volatile solids destruction, volatile solids loading, and detention 
time. Compare the loading and detention times to those given in Table 13.8. 

Solution: 


7400 X 100 

Raw sludge solids = — _ — = 4.1% 


Digested sludge solids = 


180,000 

(0.30 X 7400 + 0.50 X 0.70 X 7400)100 _ 


180,000 


= 2.7% 


0.70 X 7400 , ^ 

Volatile solids loading =--= 1.85 kg/m’*d 

2800 

Detention time = —— = 15.6 days 

1 oU 


Values in Table 13.8 are: 1.6-3.2 kg/m^*d and 15 d. 


13.17 Aerobic Sludge Digestion 

The function of aerobic digestion is to stabilize waste sludge solids by long-term aera¬ 
tion, thereby reducing the BOD and destroying volatile solids. The most common ap¬ 
plication of aerobic digestion is in handling waste-activated sludge. Customary methods 
for disposal of the digested sludge are spreading on farmland, lagooning, and drying on 
sand beds. 

The Environmental Protection Agency specifies the degree of aerobic digestion and 
quality of the biosolids for application on agricultural land [1]. For pathogen reduction, 
the solids retention time and temperature must be between 40 days at 20°C (68 F) and 
60 days at 15°C (59°F). (This range of 800-900 degree-days appears to be excessive 
for aerobic digestion of waste-activated sludge, without the addition of raw primary 
sludge, since the sludge age in the aeration tank is usually already 20 days or more prior 
to transfer to the aerobic digester.) For vector attraction reduction, the volaule solids 
reduction during sludge treatment must be at least 38%. It this is not achieved, the 
digested sludge can be tested in a bench-scale batch digester to determine if the stability 
is adequate. The additional volatile solids reduction at 20°C is to be less than 15%. The 
concentrations of 10 toxic metals in the solids are limited for land application. 

Aerobic digestion is accomplished in one or more tanks mixed by diffused aera¬ 
tion. Since dilute solids suspensions have a low rate of oxygen demand, the nee or 
effective mixing rather than microbial metabolism usually governs the air supp y re 
quired. The volume of air supplied for aerobic digestion is normally in the range ot 15- 

30 cfm/1000 ft^ of digester. . , 

Design criteria vary with the type of activated-sludge system, oa mg, an 

the means provided for ultimate disposal of the digested sludge. Small activated-sludge 
plants (e.g., package and factory-built, field-erected plants) without pninary sedmenta- 
tion are generally provided with 2-3 ft^ (57-851) of aerobic digester volume per design 
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population equivalent of the plant. This provides a conservative loading in the range 
of 0.01-0.02 Ib/ft^/d (0.16-0.32 lcg/m^*d) of volatile solids loading. For stabilizing 
waste-activated sludge with a suspended-solids concentration of l%-2%, the volatile 
solids loading should be limited to 0.04-0.08 Ib/ftVd (0.64-1.28 kg/m^-d), and the 
aeration period should be 200-300 degree-days, computed by multiplying the digesting 
temperature in degrees Celsius times the sludge age. This equates to a minimum aeration 
period of 10 days at 20°C or 20 days at 10®C. Volatile solids and BOD reductions at 
these loadings are in the range of 30%-50%, and the digested sludge can be disposed 
of without causing odors or other nuisance conditions. 

Long-term aeration of waste-activated sludge creates a bulking material that resists 
gravity thickening. The solids concentration of aerobically digested sludge is usually in 
the range of 1.0%-2.0%. The maximum concentration in a well-operated system is not 
likely to exceed 2.5%. This poor settleability frequently creates problems in disposing 
of the large volume of sludge produced. Thickening or dewatering by mechanical 
methods is often too expensive for incorporation in small treatment plants. Therefore, 
plant design should consider storage of aerobically digested sludge for hauling to land 
disposal. 

An aerobic digester is operated as a semibatch process with continuous feed and 
intermittent supernatant and digested sludge withdrawals. The contents of the digester 
are continuously aerated during filling and for a specified period after the tank is full. 
Aeration is then discontinued, allowing the stabilized solids to settle. Supernatant is 
decanted and returned to the head of the plant, and a portion of the gravity-thickened 
sludge removed for disposal. In practice, aeration and settlement may be a daily cycle 
with feed applied early in the day and clarified water decanted later in the day. Digested 
solids are withdrawn when the sludge in the tank does not gravity thicken to provide a 
supernatant with adequate clarity. 


■ EXAMPLE 13.13 Refer to the data noted in Example 12.11. Calculate the cubic 
meters of aerobic digester volume provided per design population equivalent, and esti¬ 
mate the volatile solids loading on the aerobic digester. 

Solution: The data from Example 12.11 are 

volume of aerobic digester = 153 m^ 
design population of plant = 2000 

Therefore, 

. , 153,000 liters of digester volume 

volume provided =-= 76- - -- 

2000 design population equivalent 

BOD load on plant = 182 kg/d 

Assuming a BOD loading of 0.20 g of BOD/g of MLSS applied to the aeration tank, the 
estimated excess sludge produced per day from Fig. 13.1 is 0.42 g of SS /g of BOD load. 
For the digester volume of 153 m^ and assuming 70% of the SS as volatile, the estimated 
volatile solids loading applied to the aerobic digester is 2.0(182 X 0.70 X 0.42)/153 = 
0.70 kg/m^-d. ■ 
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■ EXAMPLE 13.14 The wastewater treatment plant serving a resort community in a 
warm climate is an extended aeration system without primary clarifiers. Processing of 
the waste-activated sludge is by gravity thickening in basins without mechanical scrapers. 
After settling for about 12 hr, supernatant is drawn off and returned to the plant inlet and 
thickened sludge discharged to open sand drying beds. This method of sludge process¬ 
ing has proven to be unsatisfactory for several reasons: high temperature of the waste- 
activated sludge with biological activity reduces settleability, resulting in significant 
overflow of solids in the supernatant; thickened sludge of only 1.5%-1.8% total solids; 
emission of foul odors from the drying beds; and excessive drying time. Thus, for 
several years, the majority of waste sludge has had to be hauled away as a liquid for 
disposal. 

The wastewater flows currently exceed plant capacity during most of the tourist 
season, while during the off-season when the weather is cool the flows decrease by more 
than one-half. The proposed plant expansion to meet the high-season flows is to double 
the aeration capacity, construct aerobic digesters to stabilize and thicken the waste- 
activated sludge, and install belt presses to dewater the digested sludge. Laboratory and 
operations reports from the tourist season were studied for the past five years. From this 
study, the following data were established as values during the maximum month to be 
used for design of the expanded plant; 

Design flow = 22,500 mVd 
Design BOD load = 10,100 kg/d (450 mg/1) 

Total volume of aeration tanks = 26,800 m-’ 

Operating MLSS in aeration tanks = 4000 mg/1 
Wastewater temperature = 20° to 25° C 
Effluent BOD = <15 mg/1 


Effluent suspended solids = 15 mg/I 
Waste-activated sludge volume — 552 m /d 
Waste-activated sludge solids = 6900 kg/d (1.25%) 


Waste-activated sludge temperature - 20° C 
Perform preliminary calculations to determine the number and size of aerobic d'g 
required and discuss the general method of operation. 

Solution: An aerobic digestion tank should be deep enough 
solids with aeration off so that the underflow of sludge is ic ene reauires 

the supernatant is clear enough to return to the J depth is 

zone settling with a compression depth of 1 2 m 

also necessary to mount nonclog air diffusers for comp etc imxing allow 

tmnsfe. For draw-and-fill batch operation, several idenhc^ ^ 
aeration between raw sludge additions to stabilize the so i s e sludge the 

Four mnks are proposed to opemte on a 4-day cycle. 
tank is aerated continuously for 3 days. On the fourth day, aera i 
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solids are allowed to settle for several hours before withdrawal of digested sludge and 
draw-olf of supernatant. Upon completion, waste-activated sludge is withdrawn from 
the wastewater aeration system to refill the digester. 

Design criteria for the digesters are: 

Minimum aeration period for solids = 240 degree-days 

Maximum volatile solids loading = 1.28 kg/m^-d 

Total solids reduction during digestion = 30% 

Solids concentration in settled digested sludge = 2.50% 

Consider 4 tanks each 15 m square, side-water depth of 4.0 m plus 0.5 freeboard, and a 
hopper bottom with slopes toward a draw-off of approximately 1:3. The liquid volume 
of each tank is 1100 m"' with 200 m ’ of this in the hopper. 

Volatile solids loading = =1.10 kg/m'*d (OK) 

® 4 X 1100 

T. . • 4X1100 

Liquid detention time =-= 8.0 d 

552 

To increase solids stabilization, the sludge age is increased by retaining the maximum 
solids concentration in the tank. After aeration, the raw solids are reduced by 30%; 
therefore: 


Digested solids remaining = 0.70 X 6900 = 4830 kg 


Volume of sludge withdrawn 


4830 

0.025 X 1000 


193 m’ 


Resulting from the withdrawal of this volume of sludge. 


193 

Liquid level in the tank lowers =-= 0.86 m 

^ 15 X 15 

To add 552 m^ of raw sludge. 

Supernatant draw-off required = 552 - 193 = 359 m’ 


Liquid level in the tank lowers = 


359 


= 1.60 m 


15 X 15 

Liquid remaining in the tank = 1100 - 193 - 359 

= 548 m-’ 


Liquid level above the hopper = 4.0 — 0.86 — 1.60 

= 1.54 

For ideal solids retention, the upper boundary of zone settling with a 2.5% solids con¬ 
centration would be at the top of liquid level, but this would be an unrealistic expecta¬ 
tion. Instead, assume the top of the zone settling is 0.5 m below the liquid surface, then 
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Volume of settled sludge in tank 

= (15 X 15)(1.54 - 0.5) + 200 (in hopper) = 434 

Dry weight of solids in tank = 434 X 1000 X 0.025 

= 10,900 kg 

Total solids in each tank before sludge withdrawal is this amount plus the digested 
solids resulting from the addition of raw waste solids after withdrawal of sludge and 
supernatant. 

Total solids = 10,900 + 0.70 X 6900 = 15,700 kg 

solids in 4 tanks _ 15,700 X 4 _ , 

Sludge age withdrawn 0.70 X 6900 

Aeration period of solids = 13.0 X 20 

= 260 degree-days (OK) ■ 


13.18 Open-Air Drying Beds 

Historically, small communities have dewatered digested sludge on open beds because 
of their simplicity, rather than operating more complex mechanical systems. The disad¬ 
vantages include poor drying during damp weather, potential odor problems, large land 
area required, and labor for removing the dried cake. In construction of outmoded dry¬ 
ing beds, the entire surface area was a level layer of coarse sand supported on a bed of 
graded gravel. Tile or perforated pipe underdrains were spaced about 20 ft apart in the 
bottom gravel layer to collect and return drainage to the treatment plant influent. Clean 
ing dried sludge cake from the beds was a laborious job. The cake had to be lifted from 
the surface of the sand by hand shoveling and taken off in wheelbarrows for loading in 
a truck. Attempts to use mechanical equipment resulted in excessive loss of san an 
disturbance of the gravel underdrain. 

In modern design, drying beds are constructed to permit the use of tractors with 
front-end loaders to scrape up the sludge cake and dump it into a truck. ^ e inain ea 
tures as illustrated in Fig. 13.16 are (1) watertight walls extending 18-24 in above the 
surface of the bed, (2) an end opening in the wall, sealed by inserting p an s, or en 
trance of a front-end loader, (3) centrally located drainap trenches filled with a coarse 
sand bed supported on a gravel filter wi^ a perforated pipe underdrain, ( ) pave ar 
on both sides of the trenches with a 2%-3% slope for gravity drainage, and (5) a slu ge 
inlet at one end and supernatant draw-off at the opposite end. For s i ^ ® 
the width is 40 ft and the length 100 ft. The operating procedure is to ^PPly ^ige ^ 
sludge to a depth of 12 in. or more, draw off supernatant 

the sludge to dry. A well-digested sludge forms a cake 3 5 in. ic a drvine 
dry, black in color, and has cracks resulting from horizontal shn«kage. fved d^mg 
beds have been constructed with more limited drainage an s . ’ 

however, climatic conditions must be very favorable since the major water loss by 

evaporation. 
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Rational design for sludge beds is difficult, owing to the multitude of variables that 
affect drying rate. These include climate and atmospheric conditions, such as tempera¬ 
ture, rainfall, humidity, and wind velocity; sludge characteristics, including degree of 
stabilization, grease content, and solids concentration; depth and frequency of sludge ap¬ 
plication; and condition of the sand stratum and drainage piping. The bed area furmshed 
for desiccating anaerobically digested sludge is from 1 to 2 ftVBOD design population 
equivalent of the treatment plant. Solids loadings average about 20 Ib/ft Vyr (100 kg/m^-y) 
in northern states, while unit loading may be as high as 40 Ib/ft^/yr in southern climates. 
Drying time ranges from several days to weeks, depending on drainability of the sludge 
and suitable weather conditions for evaporation. Dewatering may be improved and ex¬ 
posure time shortened by chemical conditioning, such as addition of a polymer. 

Air drying of digested sludge may be practiced in shallow lagoons where permitted 
by soil and weather conditions. Water removal is by evaporation, and the groundwater 
table must remain below the bottom of the lagoon to prevent contamination by seepage. 
Sludge is normally applied to a depth of about 2 ft and residue removed by a front-end 
loader after an extended period of consolidation. Because of long holding times, odor 
problems are more likely to occur. Design data and operational techniques are defined 
by local experience. 




















13.19 Composting 685 

13.19 Composting 

The objectives of sludge composting are to biologically stabilize putrescible organics, 
destroy pathogenic organisms, and reduce the volume of waste [8]. The optimum mois¬ 
ture content for a compost mixture is 50%-60%; less than 40% may limit the rate of 
decomposition, while over 60% is too wet to stack in piles. Volatile solids reduction 
during composting is similar to biological digestion, averaging about 50%. The compost 
product-is a moist, friable humus with a water content less than 40%. For most efficient 
stabilization and pasteurization, the temperature in the compost piles should rise to 
130®-150°F (55‘’-65°C) but not above 176“F (80°C). Moisture content, aeration rates, 
size and shape of pile, and climatic conditions affect composting temperature. The fin¬ 
ished compost, although too low in nutrients to be classified as fertilizer, is an excellent 
soil conditioner. When mixed with soil, one advantage of the added humus content is 
increased capacity for retention of water. 

The main products of biological metabolism in aerobic composting are carbon di¬ 
oxide, water, and heat. Anaerobic composting produces intermediate organics, such as 
organic acids, and gases including carbon dioxide and methane. Since anaerobic decom¬ 
position has a higher odor potential and releases less heat, most systems are designed 
for aerobic composting. Nevertheless, all forms of composting have the potential for 
problems such as odors and dust. 

Dewatered sludge cake, usually with a moisture content in the range of 70%—85%, 
is too wet to maintain adequate porosity for aeration. If it is not mixed with another 
substance, a pile of sludge cake tends to slump and compact to a dense mass with a wet, 
anaerobic interior and a dried exterior crust. Figure 13.17 is a generalized diagram for 
composting organic sludges. Dewatered cake is mixed with either an orgamc amend¬ 
ment (e.g., dried manure, straw, or sawdust) or a recoverable bulking agent (e.g., wood 
chips) to reduce the unit weight and increase air voids. Finished compost may also 
be recycled and added to the wet cake. Although composting can be performed in an 
enclosed reactor, the common processes use outdoor piles either exposed or sheltered 
under a roofed stmcture. Compost may be placed in either windrows agitated by peri¬ 
odic turning for remixing and aeration or static piles with forced aeration. The choice 



j _ Recycled finished compo^ _ I 

Figure 13.17 Generalized diagram for composting dewatered wastewater 
sludges. 
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between tihese two processes is based on several factors, including climate, environmen¬ 
tal considerations, the availability of a bulking agent, and economics. 

In the windrow system, mixed compost material is arranged in long parallel rows. 
These windrows are turned at regular intervals by mobile equipment to restmcturethe 
compost. The piles may be triangular or trapezoidal in shape and may vary in height and 
width, as determined by the equipment used for turning and the characteristics of 
the composting material. The height of windrows is usually 4-8 ft and the width 
8-12 ft. 

Windrow composting is used in agricultural regions where manure from confined 
feeding of cattle is available for an amendment. The manure is aged and dried by 
stacking in the feedlot. The wastewater sludge is unstable (raw) filter cake collected 
immediately after mechanical dewatering with polymer conditioning. Combined in ap¬ 
proximately equal portions, the wet cake and dried manure are mixed using a modified 
manure spreader with the back beaters reversed so that the compost is deposited on the 
ground in a row rather than being thrown upward by the back beaters for widespread 
distributing. A large machine straddling the rows, equipped with an auger-type agitator 
between the outboard wheels, forms the shaped windrows; periodic turning is performed 
by the same machine. With weekly turning, stabilization requires 4-6 weeks in good 
weather. In northern climates, the windrows may freeze on the outside and be covered 
with snow for several weeks, preventing turning and slowing the rate of decomposi¬ 
tion. The finished compost is stored and applied at appropriate times on grassland and 
cropland. 

In the aerated static-pile process, oxygen is supplied by mechanically drawing air 
through the pile. Porosity is maintained by wood chips or similar recyclable bulking 
agent, which also reduces the initial water content by absorption. The ratio of sludge to 
wood chips on a volumetric basis is in the range of 1:2 to 1:3. After preparing a base 
of wood chips over perforated aeration piping, the mixture is placed on a pile 8-10 ft 
high. This is layered with finished compost to form a cover. Air is then drawn through 
the pile for a period of about 3 weeks by a blower operating intermittently to prevent 
excessive cooling. Exhaust air is vented and deodorized through a pile of finished com¬ 
post. After stabilization, the mixture is cured and dried for several weeks.either in the 
original pile or after moving to a stockpile. The wood chips are separated from the 
compost by vibrating screens for reuse. 


PRESSURE FILTRATION 

Sludges can be dewatered by pressure filtration using either a belt filter press or a plate- 
and-ffame filter press. The belt filter press consists of two continuous porous belts that 
pass over a series of rollers to squeeze water out of the sludge layer compressed between 
the belts. A filter press consists of a series of recessed plates with cloth filters and 
intervening frames held together to form enclosed filter chambers. Sludge pumped 
under high pressure into these chambers forces water out through the cloth filters, filling 
the chamber with dewatered cake. At the end of the feed and pressure cycles, the plates 
are separated to remove the sludge cake. This type of pressure filter is noted for produc¬ 
ing a dry cake. 
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13.20 Description of Belt Filter Press Dewatering 

The two-belt filter press shown in Fig. 13.18 illustrates the basic operational steps. Be¬ 
fore wet sludge is distributed on the top of the upper belt, it is conditioned with polymer 
to aggregate the solids. Initial dewatering takes place in the gravity drainage zone where 
the belt is supported on closely spaced small-diameter bars to allow separated water to 
drain freely through the belt into a collection pan. Some presses use an open framework 
or grid to support the belt. Small adjustable plastic drainage elements (cones, plows, or 
vanes, depending on manufacturer) are supported just above the belt surface to open 
channels in the sludge to aid the release of free water. Depending on the characteristics 
of the applied sludge, up to one-half of the water is removed in the gravity zone; thus, 
the solids content is nearly doubled and the sludge volume halved. After dropping onto 
the lower belt, the sludge is gradually compressed between the two belts as they come 
together in the low-pressure, cake-forming zone. This wedge zone terminates with the 
two belts wrapping over the first of a series of rollers. Some machines have uniform 
diameter rollers, while on others the subsequent rollers decrease in diameter to gradually 
increase pressure on the cake. As the belts pass over these rollers, the confined sludge 
layer is subjected to both compression and shearing action caused by the outer belt being 
a greater distance from the center of the roller than the inner belt. Depending on the 
manufacturer, the rollers may be perforated stainless steel cylinders or plain carbon steel 
with a coating for protection against corrosion. The belt tension, alignment, and drive 
rollers have a rubber coating to increase frictional resistance and prevent slippage. The 
cake is scraped from the belts by doctor blades held against the belts. 

Belts are made from several fabrics of synthetic fibers. Monofilament polyester 
woven fabrics with visible clear openings are used in dewatering wastewater sludges. 
As a result, solids pressed tightly' on the surface can penetrate the pores of the fabric and 
belts require washing with a high-pressure water spray. To confine and collect the wash 
water, the nozzles are housed in enclosures through which the belts pass. These wash 
boxes are located on both the upper and lower belts after cake discharge. Belt tensioning 
is performed by pressing one roller against each belt using hydraulic or pneumatic cyl¬ 
inders connected to the roller shaft, A tension that is too low results in belt slippage, 
while excess pressure can extrude sludge from between the belts. Each belt is kept cen¬ 
tered on its rollers, using a steering assembly consisting of a device that senses the track 
of the belt and signals adjustment by an alignment roller. By actuating a hydraulic cyl¬ 
inder attached to one end of the shaft, this roller swivels, causing the track of the belt to 
move along the axis of the roller. 

The option of a separate belt for the gravity drainage zone allows a longer time 
for water separation through a more porous belt than those used for the pressure zone. 
Nevertheless, many two-belt presses are used in dewatering sludges where an indepen¬ 
dent gravity zone is not of additional benefit. In a three-belt press as diagrammed in 
Fig- 13.19, the independent upper belt conveys wet sludge in the gravity zone and drops 
it on the lower belt of a two-belt press that compresses the sludge through the wedge 
zone and the high-pressure zone. 

The layout of a belt filter press system is similar to that of a gravity belt thickener, 
shown in Fig. 13.9 (Section 13.9), with one major exception. The wet cake from de¬ 
watering sludge at solids concentrations of 15%-25% is more like a semisolid than the 



Figure 13.18 Two-belt filter press with a gravity drainage zone, wedge zone, and 
high-pressure zone. (Courtesy of Komline-Sanderson, Peapack, NJ.) 
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Sludge 

distribution 



Figure 13.19 Three-belt filter press with one belt for the independent 
gravity zone for drainage of the flocculated sludge followed by two belts in the 
high-pressure zone for dewatering sludge confined between the belts. 
(Courtesy of Komline-Sanderson, Peapack, NJ.) 


liquid slurry of a thickened sludge of 5%—8% solids. Therefore, the cake is transported 
away from the belt press by a belt conveyor, screw conveyor, or cake pumps. 


13.21 Application of Belt Filter Dewatering 

The most significant variables that affect dewatering performance of a belt filter press 
are the sludge characteristics, polymer conditioning, sludge feed rate, belt tension, an 
belt speed. The characteristics of greatest importance in wastewater sludges are ihe so 
ids concentration, the nature of the solids, and prior biological or chemical conditioning. 
A press is limited to a hydraulic capacity essentially independent of solids concenttation 
less than about 4%. For thin sludges, the recommended maximum loadi^ is 50 gpm 
(11.4 m^/h) per meter of belt width. At solids contents greater than about 6%, the capac¬ 
ity of a press is restricted by solids loading. The nature of the solids in uences o 
polymer flocculation and mechanical dewatering. Fibrous solids, coininon y ^swia 
with primary clarifier settlings, are much easier to dewater than the fine, u y lo ogic 
solids wasted from secondary activated-sludge processing. *• i c tn 

A polymer is applied to flocculate a sludge, forming aggregates o t e 
allow easier release of the water. The dosage of polymer applie per mass o 
dewatered depends essentially on the sludge characteristics and mac me oa mg, 
is in turn directly related to belt speed (detention time in the gravity ewa en 
Besides inadequate flocculation, the maximum sludge feed rate jo too 

solids recovery, too wet a cake, or excessive polymer dosage, s ^ ^ 

high, the detention time in the gravity drainage section f 

release. The result is the extrusion of fine solids throug e a nc In actual 

the belts at the edges. Excessive belt tension can also cause extrusion 

plant operation, the acceptable loading is based on the economy o sequence 

major costs being the polymer consumption and hours of operafion A 

for adjusting processing variables at a given sludge loading ra^e 

dosage, adjust the belt speed, set the belt tension, and then rea jus 
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to achieve the desired cake dryness and solids recovery with th^ minimum polymer 
dosage. 

The main performance parameters of a belt filter press are the hydraulic and solids 
loading rates, polymer dosage, solids recovery, cake dryness, wash-water consumption, 
and wastewater discharge. Hydraulic loading is expressed in gallons per minute of 
sludge feed per meter of belt width (cubic meters per meter per hour). Solids loading is 
expressed as the pounds of total dry solids feed per meter per hour (kilograms per meter 
per hour). The polymer dosage is calculated as the pounds applied per ton of total dry 
solids in the sludge feed (kilograms per tonne). Although the fraction of solids recovery 
is the quantity of dry solids in the cake divided by the dry solids in the feed sludge, itis 
often calculated based on the suspended solids in the wastewater (filtrate plus wash 
water) as follows: 


/ total solids \ | suspended solids 

\in feed sludge J \ in wastewater 

solids recovery =- ;—;— 7 ~r~, - 

total solids in feed sludge 


(13.14) 


Cake dryness is expressed as the percentage of dry solids by weight in the cake. For 
easy comparison with hydraulic sludge loading, wash-water consumption and waste- 
water discharge are usually expressed in units of gallons per minute per meter of bell 
width (cubic meters per meter per hour). Example 13.15 illustrates the calculation of 
these parameters. 


■ EXAMPLE 13.15 A belt filter press with an effective belt width of 2.0 m is used to 
dewater an anaerobically digested sludge. The machine settings during operation are a 
sludge feed rate of 18.2 mVh (80 gpm), polymer dosage of 1.8 mVh (8.0 gpm) con¬ 
taining 0.20% powdered polymer by weight, belt speed of 6.1 m/min, belt tension of 
4.7 kN/m of roller, and wash-water application of 15.4 m-Vh (68 gpm) at 550 kN/ml 
Based on laboratory analyses, total solids in the feed sludge equal 3.5%, total solids in 
the cake are 32%, wastewater from belt washing contains 2600 mg/1 suspended solids, 
and filtrate production measures 17.7 mVh (78 gpm) with a suspended solids concentra¬ 
tion of 550 mg/I. From these data calculate the hydraulic loading rate, solids loading 
rate, polymer dosage, and solids recovery. Comment on the production water usage and 
wastewater generated relative to the hydraulic sludge feed. 

Solution; 

hydraulic 

solids 

= 320 kg/m*h (700 Ib/m/hr) 

_ 1.8 mVh X 0.002 X 1000 kg/m^ X 1000 kg/t 
320 kg/m • h X 2.0 m 

= 5.7 kg/t (11.4 Ib/ton) 


loading rate 


18 .z 


= 9.1 mVm'h (40 gpm/m) 


loading rate = 


18.2 m-Vh X 1000 kg/m^ X 0.035 


polymer dosage 
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wastewater suspended solids 

= wash-water solids + filtrate solids 
_ 15.4 mVh X 2600 g/m^ +17.7 mVh X 500 g/m^ 

2 m X 1000 g/kg 
= 24 kg/m*h (54 Ib/m/hr) 

(Note that approximately 80% of the waste solids are in the wash water.) 

/320 - 24\ 

solids recovery = I —— 1 100 = 93% 

'Wash-water consumption equals 7.7 mVm’h and the polymer feed is 0.9 mVm*h 
for a total of 8.6 mVm-h, and hence the process water added very nearly equals 
the 9.1 mVm*tj sludge feed. Wastewater production is 16.5 mVm'h, composed of 
7.7 mVm'h wash water and 8.8 raVm-h filtrate from the sludge and polymer solution 
water, This equals 1.8 times the sludge feed rate of 9.1 mVm*h. ■ 


13.22 Sizing of Belt Filter Presses 

Belt widths of presses range from 0.5 to 3.0 m, with the most common sizes between 
1.0 and 2.5 m. Some manufacturers supply only 1.0- and 2.0-m machines, while others 
build 1.5- and 2.5-m units. The selection during design of a sludge dewatering facility 
depends on such factors as the size of the plant, the desired flexibility of operations, 
anticipated conditions of dewatering, and economics. Typical results from filter pressing 
of wastewater sludges are listed in Table 13.9. The solids loading rates relate to both the 
feed solids concentration and hydraulic loading. For example, in the first line, a 4% feed 
at 50 gpm/m yields a solids loading of 1000 Ib/m/hr. Also, the cake solids percentage 
decreases and the polymer dosage increases with greater dilution of the sludges and for 
those containing waste-activated sludge. Since performance of filter pressing depends 
on the character of the sludge, sizing of presses for new treatment plants without an 
existing sludge to test must be based on operating experience at other installations. 
While such data are more reliable than the values given in Table 13.9, new insta ations 
should be conservatively sized to account for the probable inaccuracy in projecting 

performance. t ui j 

Design of a belt filter press installation at an existing facility can be reliably don 

by conducting field testing using a narrow-belt machine enclosed in a mo i e 

Most manufacturers use a full-scale 0.5- or 1.0-m press that is representative o eir 

larger machines. During the preliminary design phase, a rented trailer unit can 

to determine the dewaterability of the sludge and to establish testing criteria for the 

performance specifications. After sizing and design of the press &c\ ^ 

press manufacturer can be based on both competitive bidding an qu i ca i 

using trailer units, either individually, with the lower bidder s {^ess rs , 

of several proprietary machines operating in parallel. This proce ure re u 

design by demonstrating that the selected manufacturer s press can achieve the results 

required by the performance specifications. This testing does not replace acceptance 
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Table 13.9 Approximate Results from Belt Filter Press Dewatering of Polymer 
Flocculated Wastewater Sludges__ 


TYPE OF SLUDGE 

FEED 

SOLIDS 

(%) 

HYDRAULIC 
LOADING 
(gpm/m) “ 

SOLIDS 

LOADING 

(Ib/m/hr)* 

CAKE 

SOLIDS 

(%) 

ACTIVE 

POLYMER 

DOSAGE 

(Ib/ton)"^ 

Anaerobically digested 
primary only 

4-6 

40-60 

1000-1600 

20-28 

4-8 

Anaerobically digested 
primary plus waste 
activated 

2-4 

40-60 

500-1000 

16-22 

6-12 

Aerobically digested 
without primary 

1-3 

30-45 

200-500 

12-16 

8-14 

Raw primary and 
waste activated 

3-6 

40-50 

800-1200 

18-24 

4-10 

Thickened waste 
activated 

3-5 

40-50 

800-1000 

14-16 

6-10 

Extended aeration 
waste activated 

1-3 

30-45 

200-500 

12-16 

8-14 


“ l.O gpm/m = 0.225 mVm • h 
*1.0 Ib/m/hr = 0.454 kg/m • h 
■^1.0 Ib/ton = 0.500 kg/tcmne 


testing after construction, when the installed presses are evaluated to ensure compliance 
with the specifications. 


■ EXAMPLE 13.16 An existing wastewater treatment plant is going to install belt filter 
presses to dewater anaerobically digested sludge prior to stockpiling and spreading on 
agricultural land. The current system of lagooning and disposal of liquid sludge is ex¬ 
pensive and has created environmental concerns. Past sludge production records were 
studied to determine the following values for design. The average annual sludge quantity 
equals 80,000 gpd, with an average solids concentration of 5.0%. The design quantity 
during the peak month is 130,000 gpd at 4.0% solids, which contain 30% more dry 
solids than the annual average. The digesters have sufficient capacity to equalize the 
variations in raw-sludge feed during the peak month. 

Field testing using a trailer-mounted press resulted in the following performance 
data. When the sludge feed had a solids concentration of 4.0%, the allowable hydraulic 
loading was 50 gpm/m (solids loading of 1000 Ib/m/hr), producing a cake with a solids 
content of 22% with a polymer dosage of 9.6 Ib/ton. At 5.0% sludge feed, acceptable 
operation was a hydraulic loading of 45 gpm/m (solids loading of 1100 Ib/m/hi), pro¬ 
ducing a 24% cake with a polymer dosage of 8.1 Ib/ton. Solids recoveries for all tests 
were between 94% and 96%. The polymer solution was 0.20% dry powder by weight, 
and wash-water usage was 32 gpm/m. 


The design operating schedule is a maximum of 12 hr/day during the peak month. 
A minimum of two machines is desired so that sludge can be continuously dewatered 
if one unit is out of service. Based on these criteria, size the belt filter presses and 
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deteraiine the operating times under design conditions. For the average annual sludge 
quantity, calculate the polymer usage and weight of cake produced and estimate the 
wastewater generated. 

Solution: The belt width required based on peak month operation is 

_ 130,000 gal _ 

50 gpm/m X 60 min/hr X 12 hr 


130,000 gal X 8.34 X 0.040 
1000 Ib/m/hr X 12 hr 


= 3.6 m 


Specify two belt filter presses with effective belt widths of 2.0 m. For these units, the 
operating time at the peak monthly load is 


130,000 gal 


2 X 2.0 m X 50 gpm/m X 60 min/hr 


= 10.8 hr/day 


with both presses operating; with one unit operating, the time required is 21.6 hr/day. 
The operating time at the average annual load is 


80,000 


= 7.4 hr/day 


2 X 2.0 X 45 X 60 

with both presses operating. Polymer usage at the average daily annual load is 

80,000 gal X 8.34 X 0.05 X 8.1 Ib/ton , 

---- 140 Ib/day 

2000 Ib/ton ^ 

The weight of cake produced is 

80,000 X 8.34 X 0.05 


0.24 X 2000 


= 70 tons/day 


The flow of wastewater generated equals the wash water plus filtrate. The filtrate 
can be estimated by subtracting the theoretical volume of sludge cake from the sludge 
feed plus polymer solution. 

sludge feed = 45 gpm/m 

polymer solution feed 

1100 Ib/m/hr X 8.1 Ib/ton 


60 min/hr X 2000 Ib/ton X 0.002 Ib/lb X 8.34 Ib/gal 
theoretical flow of sludge cake 

_ 1100 Ib/m/hr _ 

60 min/hr X 0.24 Ib/lb X 8.34 Ib/gal X 1.05 

filtrate = 45 - 4 - 9 = 32 gpm/m 
Wash water = 32 gpm/m 


= 4 gpm/m 


= 9 gpm/m 
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Therefore, the wastewater flow is 32 + 32 = 64 gpm/m. The quantity of wastewater at 
the average daily annual load is 

64 gpm/m X 4.0 X 60 min/hr X 7.4 hr = 110,000 gpd 


13.23 Description of Filter Press Dewatering 

The two types of plate-and-frame filter presses are the fixed-volume press and (he 
variable-volume diaphragm press. Removal of dewatered cake from a fixed-volume 
press is done by manually separating the press frames and loosening the layers of cake 
from the recessed plates with a wooden paddle if they do not drop by force of gravity. 
The diaphragm press is designed for automatic operation. After opening, the cakes are 
forcefully discharged and the filter cloths automatically washed before the press closes 
for another cycle. 

Compared to belt presses, filter presses are more expensive, have higher operating 
costs, and are substantially larger machines for the same sludge processing capacity. 
Dewatering of wastewater sludge requires lime and ferric chloride conditioning; poly¬ 
mer flocculation is not suitable. High cake dryness is the principal advantage of pressure 
filtration with cake solids content greater than 35% and up to 40%-50% possible. 

A pressure filter consists of depressed plates held vertically in a frame for proper 
alignment and pressed together by a hydraulic cylinder (Fig. 13.20). Each plate is con- 
stracted with a drainage surface on the depressed portion of the face. Filter cloths are 
caulked onto the plate and peripheral gaskets seal the frames when the press is closed. 
Influent and filtrate ports are formed by openings that extend through the press. Sludge 
is pumped under pressure into the chambers between the plates of the assembly, and 
water passing through the media drains to the filtrate outlets. Solids retained form cakes 
between the cloth surfaces and ultimately fill the chambers. High pressure consolidates 
the cakes by applying air to the sludge inlet at about 225 psi (1550 kN/m^). After this 
filter cycle, which requires from 2 to 3 hr, compressed air blows the feed sludge remain¬ 
ing in the influent ports back to a holding tank. The filter plates are separated and 
dewatered cakes drop out of the chambers into a hopper equipped with a conveyor mech¬ 
anism. Cake release is assisted by introducing compressed air behind the filter cloths 
and by manually prodding with a paddle if necessary. 

Chemical conditioning improves sludge filterability by flocculating fine particles so 
that the cake remains reasonably porous, allowing passage of water under high pressure. 
Dosages for conditioning wastewater sludges, expressed as percentages of dry solids in 
the feed sludge, are commonly 10%-20% CaO and 5%-8% FeCb. Precoating the 
media with diatomaceous earth or fly ash helps to protect against blinding and ensures 
easy separation of the cake for discharge. Filter aid for the precoat is placed by feeding 
a water suspension through the filter before applying sludge. In some cases, the aid may 
be added to the conditioned sludge mixture to improve porosity of the solids as they 
collect. Solids capture in pressure filtration is very high, commonly measuring 98%' 
99%. The organic sludge solids content in a typical cake is 35%. If the application of 
conditioning chemicals were 20%, the cake would have a total solids concentration in- 
eluding chemicals of 40%. 
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Filtration Discharge ■1^ 

Figure 13,20 Pressure filter for dewatering waste slurries from water and 
wastewater processing. The two major components of the filter press are the skeleton 
frame and plate stack. With the plates clamped together, as shown on the left, waste 
slurry is pumped under pressure into the cavities between the piates and filtrate 
passes through the filter cloths to discharge as the cavities fill with solids. The cake is 
released, as shown on the right, by opening the plates. (Courtesy of EIMCO Process 
Equipment.) 


^ 3,24 Application of Pressure Filtration 

Water treatment plant wastes are suited to pressure filtration since they are often difficult 
to dewater, particularly alum sludges and softening precipitates containing magnesium 
hydroxide. Figure 13.21 shows a schematic flow diagram for a pressure filtration pro¬ 
cess. Gravity-thickened alum wastes are conditioned by the addition of lime slurry. A 
precoat of diatomaceous earth or fly ash is applied prior to each cycle, and conditioned 
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sludge is then fed continuously to the pressure filter until filtrate ceases and the cake is 
consolidated under high pressure. A power pack holds the chambers closed during fil¬ 
tration and transports the movable head for opening and closing. An equalization tank 
prbvides uniform pressure across the filter chambers as the cycle begins. Prior to cake 
discharge, excess sludge in the inlet ports of the filter is removed by air pressure to a 
core separation tank. Filtrate is measured through a weir tank and recycled to the inlet 
of the water treatment plant. Cake is transported by truck to a disposal site. 

Alum sludges are conditioned using lime and/or fly ash. Lime dosage is in the range 
of 10%-15% of the sludge solids. Ash from an incinerator, or fly ash from a power 
plant, is applied at a much higher dosage, approximately 100% of dry sludge solids. 
Polymers may also be added to aid coagulation. Fly ash and diatomaceous earth are 
used for precoating; the latter requires about 5 lb/100 ft^ of filter area. Under normal 
operation, cake density is 40%-50% solids and has a dense, dry, textured appearance. 

Wastewater sludges are amenable to dewatering by pressure filtration after condi¬ 
tioning with ferric chloride and lime or fly ash. Minimum ferric chloride and lime dos¬ 
ages are 5% and 10%, respectively, for a waste concentration of 5% solids or greater. 
Conditioning with fly ash requires 100%-150% additions. Either diatomaceous earth 
or fly ash is used for precoating the filter media. 


CENTRIFUGATION 

Solid-bowl decanter centrifuges are used to dewater waste sludges from both wastewater 
and water treatment plants. Dewatering of wastewater sludge by centrifugation is an 
economic choice in large plants (usually greater than 40 mgd) where costs of mac ines 
and a facility building, operating costs, and disposal of drier cake are less than for an 
equivalent belt filter press system. For water treatment plant wastes, the advantages are 
thickening sludges from which pore water is difficult to separate, e.g., alum coagu a o 
residues, and for which high solids concentration is desirable, e.g., lirae-softemng pre¬ 
cipitates prior to recalcining. 


.25 Description of Centrifugation 


— — -- ^ 

basic operating principles of a solid-bowl decanter centrifuge illus^ted ^ 
13.22. A centrifuge is like a clarifier with the base wrappe aroun a cen 
its rotation generates gravitational force of 1000-4000 times ® ° 

greater the rotational speed, the more rapidly the solids in the s u S® ^ P 
inst the rotating bowl wall. While the separated water forms a concentn y 

overflows the adjustable plate dam, the settled solids are conipac e . 

•nical drainage area for further dewatering. The scroll (hehcal screw conveyor^ 

the solids operates at a higher rotational speed than tte bowl. jp centrate 

The solid-bowl decanter centrifuge is the best kind ® w and eelati- 

•ity and cake dryness for a wide variety of granular, 

s solids in sanitary sludges. From the cutaway view in ig. • > adiustal 
^ acmal centrifuge can be seen, including feed input, 

:e dam. Feed slurry enters at the center and is spun against the bowl wall. Sett 





discharge discharge 

(d) 

Figure 13.22 Diagrams illustrating the operating principle of a solid-bowl decanter 
centrifuge, (a) The bowl represents a clarifier with defined surface area and retention 
time with overflow weirs, (b) The bottom of the clarifier is wrapped around a 
centerline to form a bowl that rotates to increase the gravitational force for 
sedimentation, (c) The liquid flows through the long narrow channel formed by the 
helical screw conveyor against the bowl and out over the weirs, (d) As the liquid 
discharge flows out over the weirs (adjustable plate dams), the settled solids are 
moved by the conveyor out of the liquid onto a conical drainage area for dewatering 
prior to discharge. (Courtesy of Alfa Laval Sharpies, Alfa Laval Separation Inc.) 
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Figure 13.23 Solid-bowl decanter centrifuge, (Courtesy of Alfa Laval Sharpies, Alfa 
Laval Separation Inc.] 


solids are moved by the conveyor to one end of the bowl and out of the liqui or 
Irainage before discharge, while clarified effluent discharges at the other end over a am 
ilate. This system is best suited tor separating solids that compact to a firm c e an 
;an be conveyed easily out of the water pool. If solids compact poorly, moving a so 
cake causes redispersion, resulting in poor clarification and a wet concentrate, 
lent solids are made scrollable by chemical conditioning of the sludge. • c 

A major advantage of scroll dewatering is operational flexibiUty. Machine miab e 
include pool volume, bowl speed, and conveyor speed. The depth of liquid in the bowl 
and the pool volume can be controlled by an adjustable plate dam. oo vo ume a j 
ment varies the liquid retention time and changes the drainage dec su .. 

solids-discharge section. The bowl speed affects gravimetric /'oVp tpsuUs 

particles, and conveyor rotation controls the solids retention time, e es 
>*hen bowl speed is increased, the pool depth is Ihe minimum ™ “ 

tlifferential speed between the bowl and conveyor is the maximum possi . 
of operation allows a range of densities in the solids discharge varying „ 

to a thiclcened liquid slurry. Feed rates, solids content, and prior chemical conditioni g 

can also be varied to influence performance. . , ^ „,or>v,;nP-nnpratine 

The performance of centrifuge dewatering for given e an Sus- 

conditions depends on the dosage of polymers and other c emi addi- 

pended-solids removal and usually cake dryness 

tions, while carryover of solids in the centrate decreases, ere i ’ ^ clarity. Opti- 

point at which flocculent dosage does not ^ j reliably by 

' mum chemical conditioning without overdosing can be detenni 
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full-scale or pilot-plant tests. For some wastes, centrate recycling can improve overall 
suspended-solids removal, but for others it may cause upset, owing to an accumulation 
of fine particles. 


13.26 Applications of Centrifugation 

The characteristics of a wastewater sludge to be dewatered determine the centrifugation 
capacity, chemical conditioning, cake dryness, and solids recovery. The ratio of primary 
to waste-activated solids in a sludge has a significant effect. For illustration, considerthe 
following typical performance data in dewatering different kinds of sludges by using an 
adequate polymer dosage for a minimum of 90% solids recovery, raw primary, cake 
solids of 28%-34% and polymer dosage of 2-4 Ib/ton of dry solids; raw primary plus 
waste-activated sludge, cake solids of 18%-25% and polymer dosage of 6-141b/ton; 
and raw waste-activated sludge, cake solids of 14%-18% and polymer dosage of 12- 
20 Ib/ton [3]. Usually, the cake solids can be increased a few percentage points by 
applying an excessive polymer dosage. Machine loadings have notable influence on per¬ 
formance. Underloading allows reduced polymer dosage and produces a drier cake. As 
the loading increases toward the capacity of the centrifuge, the required polymer dosage 
increases and the cake becomes wetter. Therefore, to be cost effective, dewatering must 
take into account machine loading relative to hours of operation per day and the opera¬ 
tion of standby centrifuge capacity. 

The number of centrifuges and operating hours are designated in design. An in¬ 
stallation requires at least one standby machine. More may be required depending on 
availability of maintenance service and alternative methods of disposal. For example, 
wastewater plants under 20 mgd should have two full-sized machines (one + one 
standby); between 20-100 mgd, a minimum of three machines (two + one); and over 
250 mgd, a minimum of six machines (four -t- two) [3]. The designer’s performance 
specification designates the sludge characteristics (raw or digested, solids concentra¬ 
tions, ratio of primary to waste activated, and temperature) and performance require¬ 
ments (sludge flow rates, minimum cake solids, minimum solids recovery, and polymer 
dosage). The design engineer does not normally select the actual model and size of the 
centrifuges unless on-site testing has been conducted. Field tests of two or more ma¬ 
chines are ran concurrently so that all are dewatering sludge with the same characteris¬ 
tics. The testing range of flow and solids loadings should be adequate to fully evaluate 
plant operations. The test machines must represent the full-scale centrifuges that will be 
provided by the manufacturer for installation. 

Water treatment plant wastes are also amenable to centrifuge dewatering. For alum 
sludges from surface water treatment, centrifugation performance must be verified 
by testing at each plant, since sludge characteristics vary considerably. In general, alu¬ 
minum hydroxide slurries from coagulation settling and gravity-thickened backwash 
waters can be concentrated to a truckable pasty sludge of about 20% solids. The removal 
efficiency in a scroll centrifuge ranges from 50% to 95%, based on operating conditions 
and polymer dosage, and the centrate is correspondingly turbid or clear. Lime-softening 
precipitates compact more readily than alum floe, A gravity-thickened sludge of 15%" 
25% solids can be dewatered to a solidified cake of 65%. Solids recovery is often 
90% with polymer flocculation. 
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■ EXAMPLE 13.17 A conventional activated-sludge plant mixes primary and thick¬ 
ened waste-activated sludges prior to high-rate anaerobic digestion. Currently, the di¬ 
gested sludge is stored and thickened in sludge lagoons. Using a dredge, the bottom 
layer of sludge with a solids concentration of about 8% is pumped into tank trucks and 
hauled to a dedicated land disposal site. This method of disposal has resulted in com¬ 
plaints about truck traffic, foul odors, potential environmental problems, and high cost 
of hauling. Because of these factors and the steady increase in raw wastewater flow into 
the plant, installation of a biosolids dewatering facility using centrifugation has been 
proposed. An environmental solid-waste management company would be hired under 
contract to haul and sell the biosolids to local farmers for fertilizer and soil conditioner, 
with a portion of the profit applied to treatment plant expenses. 

Table 13.10 lists the current and design wastewater flows, BOD and suspended- 
solids loads, waste solids produced based on existing records, and projected digested- 
solids production for 15 years in the future when the plant is expected to reach design 
flow. Outline the primary considerations for design of a biosolids dewatering facility 
using centrifugation. 

Solution: 

Equalization of Digested Sludge Feed. Because of existing structures on the plant 
site, the biosolids dewatering building, loadout structure, and truck parking area must 
be sited remote from the anaerobic digesters. Therefore, the digested sludge must be 
pumped to near the dewatering facility and stored in feed tanks. Based on design maxi¬ 
mum volume of digested sludge (Table 13.10), four 250,000-gal storage tanks are 
needed for a half-day retention time. This storage time with mixing at a 30-niin turnover 


Table 13.10 Current and Design Wastewater Flows, BOD and Suspended-Solids 
Loads, and Projected Anaerobically Digested Sludge Production for Example 15.16 


CURRENT DESIGN 



ANNUAL 

MAXIMUM 

ANNUAL 

MAXIMUM 

PARAMETER 

AVERAGE 

MONTH 

AVERAGE 

MONTH 

Wastewater flow (mgd) 

150 

190 

220 

260 

bod load (Ib/d) 

260,000 

310,000 

450,000 

670,000 

Suspended-solids load (Ib/d) 

210,000 

260,000 

400,000 

450.000 

Primary solids (Ib/d) 

140,000 

— 

— 


Waste-activated solids (Ib/d) 

100,000 

— 

— 


Total solids (Ib/d) 

240,000 

— 

— 


Digested-solids production (Ib/d) 

170,000 

— 

— 


Digested-solids concentration (%) 
Digested-sludge volume at 2.0% 

2-3 




(gal/d) 

1,020,000 

— 

-- 


Projected digested-solids 
production (Ib/d) 

Projected digested-solids 

— 

— 

250,000 

2.0 

330,000 

2.0 

concentration (%) 



Projected digested-sludge volume 
^ at 2.0% (gal/d) 



1,500,000 

2,000,000 
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rate is to maintain uniform conditions to moderate changes in solids concentration, since 
even a minor change in concentration can reduce consistency of the cake discharged 
from the centrifuges. Screening of the feed sludge between the storage tanks and centri¬ 
fuges should be considered. 


SIZE AND NUMBER OF CENTRIFUGES. Selecting the size of centrifuges is based 
on estimated costs, operation, and service experience. Mid-size machines are chosen, 
rather than large, because they have been in service for a much longer operating record. 
Although capacities vary somewhat with manufacturers, typical recommended design 
values of flow rate and solids loading for mid-size centrifuges are as follows: flow rate 
of 200-300 gpm (up to 450 gpm maximum) and solids loading of 2400-5500 Ib/hr (up 
to 8000 lb/hr maximum). The centrifuges are to be operated continuously, since the 
plant is staffed 24 hr/d for 7 d/wk and significant cost savings result from continuous 
operation. The sludge cake hoppers are to provide 2 days’ storage so that biosolids do 
not have to be trucked away on the weekend. 

The following calculations determine the required number of operating centrifuges 
based on data given in Table 13.10, assuming a median flow rate of 250 gpm to each 
centrifuge. 


At current annual average: 


1,020,000 


Solids loading with 3 centrifuges = 
At design annual average: 


250 X 1440 
170,000 


3 X 24 
1,500,000 


Solids loading with 4 centrifuges = 
At design maximum month 


250 X 1440 
250,000 


4 X 24 

2,000,000 


Solids loading with 6 centrifuges = 


250 X 1440 
330,000 


6 X 24 


2.8 centrifuges 
2400 Ib/hr 
4.2 centrifuges 
2600 Ib/hr 
5.6 centrifuges 
2300 Ib/hr 


Two additional machines are to be added, one for standby and one for maintenance. 
Therefore, at design capacity of the treatment plant, the recommended number of mid¬ 
size centrifuges is 8. 


POLYMER FEED SYSTEM. Polymers are available in dry-powder or granular form 
and in concentrated liquid as emulsion, solution, and mannich. (Refer to Section 11.10.) 
Figure 13.24 is a day tank system for feeding either dry or liquid polymers. The com¬ 
ponents to prepare a diluted aged polymer solution from dry forms are: bulk storage for 
a 20-30-day supply, volumetric feeder calibrated to deliver the required amount per 
batch, mixed aging tank to improve activation, and transfer pump to day tank. Liquid 
polymers require little or no aging time and can be pumped through a mixing unit for 
dilution to a day tank. Since activated polymers are unstable after 2—3 days, the diluted 
polymer solution should be used daily. Consideration should be given to installing only 
one polymer feed system with space provided for future installation of the other. Poly¬ 
mer solution is fed to each centrifuge by a positive displacement pump. 
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Figure 13.2A Polymer feed system with a day tank for diluted solution 
from either dry or liquid forms of polymer. (Courtesy of HDR Engineering. Inc.) 


The expected performance in dewatering the dilute anaerobically digested sludge is 
as follows: active polymer dosage of 13 Ib/ton with an operating range of 9—17 Ib/ton, 
cake solids of 28% with an operating range of 25%-32%, and solids capture of 95% 
with an operating range of 95%-98%. 


CAKE CONVEYANCE AND LOADOUT. Cake can be conveyed by belt conveyors, 
augers, and cake pumps. The belt conveyor is a continuous revolving belt supported by 
a framework of rollers and is most effective in long straight runs. The auger is a rotating 
screw that pushes solids along the bottom of a U-shaped trough that can 1^ covere 
to contain spillage and odors. The cake pump is a hydraulically driven hig pressure 
positive-displacement twin-cylinder reciprocating piston pump capable ® 
semisolid cake through a pipeline. Thus, the solids are enclosed, preventmg spi age an 

emission of odors. . . j oUo 

The cake conveyance system recommended is a combination of augers an c 
pumps. Figure 13.25 is a schematic plan view showing the installation locations of 
8 centrifuges with additional spaces for future installation of 4 more mac ines. n n 
dined auger receives the cake discharge from each centrifuge an ctmyeys i o 
two horizontal augers. Each inclined auger is sized for 40 gpm, whic is e max m 
volume of cake discharge of 5500 Ib/hr of dry solids at a solids concen , 

Although normal operation is for each horizontal conveyor to tr^spo c 
from only 2 centrifuges, the design capacity is 160 gpm for receiving c ® ^ , 

trifuges. The cake pumps are located at each cake hopper or a to a ® ^ 

with a pumping rate of 120-160 gpm with discharge pressure up o 
maximum discharge pipe length of 200-250 ft. The pipes terminate at the top of the 

loadout hoppers 50 ft above ground level. 
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Figure 13.25 Plan view of eight installed centrifuges showing locations 
of machines, inclined augers, horizontal augers, cake hoppers, and piping 
to cake pumps. (Courtesy of HDR Engineering, Inc.) 


The loadout structure is to have 2 truck bays each with 2 hoppers, for a total 2-day 
cake storage capacity of 40,000 ft-* weighing 2,600,000 lb. The hopper configuration is 
cylindrical, with slide gates and openings with splash protection. Loadout operations are 
to be designed for an 8-hr shift. The truck loading time is assumed to be 10-15 min. 
With a maximum truck load of 45,000 lb and 2 bays in operation, 64-96 loads can be 
hauled away in an 8-hr period. ■ 


CYCLING OF WASTE SOLIDS IN TREATMENT PLANTS 

Centrate from dewatering sludge is returned to the head of a treatment plant, contribut¬ 
ing suspended solids and BOD to the raw-wastewater influent. In addition to centrate 
from centrifuges, other recycled flows from sludge processes are supernatant from an¬ 
aerobic or aerobic digesters, flow from gravity thickeners, and filtrate from belt presses 
and pressure filters. Consequently, poor solids capture in sludge thickening and dewater¬ 
ing contribute to the load on the plant and cycling of solids within the system. Being 
colloidal in nature, many of the finer solids pass through primary sedimentation for 
capture in biological aeration and return in the waste secondary sludge for thickening 
and dewatering again. Cycling solids can lead to overloading and upset of all treatment 
processes. However, their presence is normally first noticed by a thinner primary sludge 
and an increase in the oxygen demand of biological aeration. 


13.27 Suspended-Solids Removal Efficiency 

A relatively easy method of estimating solids capture by a sludge-thickening or de¬ 
watering unit is to measure solids concentrations in the process flows. The relationship 
is developed as follows. The solids mass balance is given in Eq. (13.15), and the liquid 
volumetric balance in Eq. (13.16): 

■ Ms — Mr + Me 

Qs ~ Qr + Qc 


( 13 . 15 ) 

( 13 . 16 ) 
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where 

Ms, Qs - niass of solids and quantity of flow of feed sludge 

Mr, Qh — mass of solids and quantity of return flow 

Me, Qc ~ mass of solids and quantity of flow of thickened sludge or cake 

Without introducing significant error, the specific gravity of all flows can be assumed to 
be 1.00. Hence, the mass of solids M in a process flow stream is the rate of flow Q times 
the solids concentration 5. 

M = QXS (13.17) 

Combining these equations results in the following relationships: 

^ (13.18) 

Ms Ss(Sc-Sr) 

where 

Mc'IMs = fraction of solids removal (solids capture) 

Sc = solids concentration in thickened sludge or cake 
Ss = solids concentration in feed sludge 
Sr = solids concentration in return flow 

Qs Sc ~ Sr 

where 

QrIQs = fraction of feed sludge appearing as return flow 

The solids concentrations S can be either total solids (residue upon ev^oration) or 
suspended solids (nonfilterable residue). Testing for suspended solids by the standard 
laboratory technique of filtration through a glass filter is feasible for dilute suspensions 
where dissolved solids are a major portion of the total solids. In contrast, wastes with 
high solids contents are difficult to test accurately by laboratory filtration. Therefore, 
suspended-solids analysis of a sludge sample is performed by a total-solids test that is 
corrected by subtracting an estimated dissolved-solids concentration. The procedure 
does not create significant error since the filterable solid content usually amounts to less 
than 5% of the total solids in the sludge samples. 


■ EXAMPLE 13.18 A scroll centrifuge dewaters an alum-lime sludge containing 
8.0% solids at a feed rate of 20 gpm. The cake produced has a solids concentration of 
55% and the centrate contains 9000 mg/1. Calculate the solids removal efficiency an 
the centrate flow. 


Solution: From Eq. (13.18), 

Mr 55(8.0 - 0.9) 
solids removal = — 0 5 ) 


0.90 (90%) 


Substituting into Eq. (13.19) yields 

55 - 8.0 

G/e = 20gpmX^j3^ 


17.4 gpm 



706 CHAPTER 13 Processing of Sludges 

■ EXAMPLE 13.19 The operation of a vacuum filter dewatering wastewater sludge 
was analyzed by sampling and testing the feed sludge and cake for total-solids content 
and the filtrate for both total-solids and suspended-solids concentrations. The presence 
of conditioning chemicals was ignored, since the polymer addition amounted to only 
3% of the solids content in the sludge. Based on the following laboratory results, esti¬ 
mate the suspended-solids capture and the fraction of flow of feed sludge appearing as 
filtrate. 



Total 

Suspended 


solids 

solids 


(mg/1) 

(mg/1) 

Sludge 

36,600 


Cake 

158,000 


Filtrate 

10,800 

8700 


Solution: Calculate the dissolved solids in the filtrate: 


DS = TS - SS = 10,800 - 8700 = 2100 mg/1 

Applying this value to the -sludge and cake, one sees that suspended-solids concentra¬ 
tions for,all three flows are 


Sc = 158,000 - 2100 = 156,000 mg/1 
Ss = 36,600 - 2100 = 34,500 mg/1 
= 8700 mg/1 

Substituting into Eqs. (13.18) and (13.19) yields 


solids removal = 


Ms 


156,000 X (34,500 - 8700) 
34,500 X (156,000 - 8700) 


0.79 (79%) 


filtrate flow _ Qj^ 
sludge feed Qs 


156,000 - 34,500 
156,000 - 8700 


0.82 (82%) 


The recommendation is to replace the vacuum filters with belt filter presses with the 
next treatment plant renovation. ® 


FINAL DISPOSAL OR USE 

Table 13.11 summarizes the estimated final disposition of waste solids from municipal 
wastewater treatment plants. Spreading on agricultural land as a fertilizer and soil con¬ 
ditioner is the fastest growing method of use, currently amounting to approximately 
two-tnirds of land-applied biosolids. Codisposal with municipal solid waste accounts 
for the elimination of about one-third of waste sludge. Nevertheless, because of the 
difficulty in burying wet sludge and high cost of preparing an environmentally safe 
landfill, treatment plants are often encouraged to process waste sludge to produce bio¬ 
solids for land application. Where land is economically available-, often near the plant, a 
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Tsbie 13.11 Estimated Final Disposal or Use of Waste Sludge Based on Survey Data of the 


METHOD OF ULTIMATE 
DISPOSAL OR USE 

TREATMENT PLANTS 

QUANTITY OF SLUDGE 

NUMBER 

PERCENTAGE DRY SOLIDS PERCENTAGE 
(%) (1000 tons) (%) 

Land application on agricultural 





land, forest, and reclamation 





sites 

4700 

49 

1600 

35 

Codisposal in municipal 





solid waste sites 

3000 

32 

1600 

35 

Sunrface disposal by burial or 





injection at dedicated sites 

1400 

15 

600 

13 

Incineration in furnaces and 





other incinerators 

400 

4 

800 

17 

Ocean disposal 

0 

Ocean Dumping Ban Act of 1988 


“Adopted from [1]. 


site may be dedicated solely for the purpose of sludge disposal by burial, impoundment 
in lagoons, or subsurface injection. 

Land application, codisposal, and surface disposal are discussed separately in sub¬ 
sequent sections. 

Incineration involves drying sludge cake to evaporate the water and burning for 
complete oxidation of the volatile solids at high temperature to deodorize exhaust gases. 
Natural gas or fuel oil is frequently needed for complete combustion. The fuel value 
of sludge solids is usually unable to sustain combustion because of heat absorbed for 
evaporation of water and losses in stack gases and radiation through furnace walls [4]. 
Incineration is rarely used where land disposal or use is possible; hence, most sludge 
burning is done in large metropolitan areas. The survey data in Table 13.11 estimates 
that 4% of the treatment plants dispose of 17% of waste sludge by incineration. 

Water treatment plant waste solids are commonly disposed of by codisposal in mu¬ 
nicipal solid waste sites and burial in monofills at dedicated sites. As a result of increas¬ 
ing regulatory and environmental constraints, surface application on agricultural land, 
dedicated sites, and for land reclamation is increasing as a disposal option. Comprehen¬ 
sive quantitative data on final disposal or use of water treatment plant wastes are not 
available. 

13.28 Land Application 

Biosolids contain plant macronutrients of nitrogen and phosphorus and micronutrients 
such as boron, copper, iron, manganese, molybdenum, and zinc. The organic matter is a 
valuable soil conditioner, making clayey soils more friable and increasing the water¬ 
holding capacity of sandy soils. 

Approximately two-thirds of biosolids are applied on cropland to raise com, soy¬ 
beans, cotton, small grains, and forages like alfalfa and clover. The typical rate of appli¬ 
cation is 5 ton/ac/yr (10 tonne/ha-y); thus, a large land area is needed to spread 
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biosolids from a large plant. Also, application scheduling must be compatible with 
planting, harvesting, and weather conditions. Since the farmland is usually privately 
owned, conditions of application and storage of biosolids on farm sites are included in 
an agreement between the farmers and the municipality or contract hauler. 

Spreading on forest land accounts for only a few percent of biosolids applied to 
land. The major constraints are the cost of long-haul distances and, in the forest, limited- 
access roads and uneven terrain. Yet, newly established plantations and recently cleared 
land prior to planting may be advantageous sites for nearby treatment plants. 

Reclamation sites, usually owned by mining firms or governmental agencies, ac¬ 
count for about one-tenth of biosolids application. Renovation of unsightly and often 
useless land areas has a positive environmental impact. Biosolids improve the poor soils 
by providing nutrients, pH buffering, water retention, and organic matter. 

Approximately one-fifth of biosolids are sold or given away in a bag or other con¬ 
tainer for application on public parks, highway median strips, golf courses, and private 
lawns and gardens. The limitations on toxic metals and pathogens are stricter than for 
agricultural use because of potential human contact and lack of direct control in appli¬ 
cation. For necessary reduction of pathogens, the biosolids are often thermally treated 
for a specific time-temperature regime, e.g., heat drying to reduce moisture to 10% or 
lower at a temperature exceeding 80° C. The bag or container must be labeled giving the 
nitrogen concentration and allowable application rate information so the user does not 
exceed the annual pollutant-loading rate for metal contaminants. 


Agriculturai Land Application 

The main environmental and health concerns with regard to application of biosolids on 
agricultural land are the degree of stabilization of the organic matter, reduction of patho¬ 
genic organisms, and presence of toxic chemicals. Regulations have been promulgated 
to specify reduction of pathogens, limitation of toxins, application of nitrogen to no 
more than the agronomic rate, and management practices to protect the environment 
[ 1 , 2 ]. 

The variety and numbers of bacteria, viruses, and parasitic organisms pathogenic 
to humans and animals found in wastewater relate to the state of health of the contrib¬ 
uting community. Although treatment processes reduce their numbers, often consider¬ 
ably, the effluent and sludge still contain the species present in the wastewater. The 
certainty of pathogens being present in raw sludge is the reason for spreading only sta¬ 
bilized sludges on agricultural land. The effectiveness of reducing pathogenic popula¬ 
tions during sludge stabilization is a subject of considerable controversy. In general, 
anaerobic or aerobic digestion of sludge is effective in reducing the numbers of viruses 
and bacteria, but not in reducing roundworm and tapeworm ova or other resistant para¬ 
sites. Being the most fragile microorganisms, bacteria and viruses are inactivated by 
sunlight, drying, and competition in the soil environment. In contrast, parasitic ova are 
more resistant and may persist in soils or on vegetation for several weeks or months. 
Even though the risk of infecting livestock is not great, farmers are usually advised to 
allow 30 days or more after sludge application before grazing animals or harvesting a 
fodder crop. Regarding human health, despite the possibility of communicable disease 
transmission, the lack of epidemiological evidence suggests that the current practice of 
sludge disposal to land is safe [6]. 
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Anaerobic and aerobic digestion are the common processes for reducing the organic 
content in sludges. Besides eliminating unaesthetic conditions, particularly offensive 
odors, stabilization reduces the attraction of vectors like flies and rodents. Although 
disease transmission in an agricultural setting is unlikely, vectors can be a nuisance and 
do have the potential of carrying pathogens from sludge. Digestion processes also sub¬ 
stantially reduce the numbers of enteric bacteria and viruses. The adverse environments 
and passage of time during storage and spreading on the land contribute significantly to 
continued .die-off of pathogens. 

The cultivation of fodder, fiber, and seed crops is unrestricted when digested sludge 
is applied on farmland. In contrast, food crops with harvested parts that contact the soil- 
biosolids mixture and with harvested parts underground cannot be harvested for more 
than a year after application of biosolids. Animals should be prevented from grazing for 
30 days after application. For land with high potential for public exposure, such as a 
park, public access is restricted for 1 yr after applying biosolids. For private farmland, 
public access is restricted for 30 days [1]. 

Haul distance, climate, and availability of storage facilities are key factors in land 
application of sludge. At large plants, mechanical dewatering is used to reduce the 
sludge mass and cost of hauling. The cake can be distributed by a spreader with back- 
beaters that throw the solids outward from the rear of a wagon or tmck-mounted box. 
Disk cultivators are used to incorporate the sludge solids into the surface soils. Biologi¬ 
cally stabilized cake can be stockpiled at farm sites between planting seasons and during 
winter months. Storage sites are prepared to prevent pollution of air, groundwater, and 
surface waters. At small plants, liquid sludge is often transported in a tank truck or 
tractor-drawn wagon for spreading on fields. Storage can be provided at the plant in 
digesters or holding tanks. Also, drying beds can be used for dewatering and storage of 
sludge when spreading is not feasible. 

Liquid biosolids can be applied by a vehicle equipped with a rear splash plate for 
surface spreading of by chisel plows for subsurface incorporation. The flexibility of 
vehicular hauling allows application at a variety of locations, often privately owned 
farmlands. Spraying from fixed or portable irrigation nozzles can be practiced where 
odor and insects are not problems. Subsurface injection is the most environmentally 
acceptable method, since the sludge is incorporated directly into the soil, eliminating 
exposure to the atmosphere. A tractor pulls an injection unit that is supplied with liquid 
biosolids through a trailing hose. Several injectors are on spring-loaded chisel plow 
shanks with wide cultivator sweeps. As a sweep passes through the soil, a cavity is 
formed approximately 6 in. deep for injecting the sludge. Sludge is supplied to the in¬ 
jection unit directly from a remote holding tank through underground piping and a flex¬ 
ible delivery hose. Another means of incorporating sludge, which is less effective in 
covering the liquid, is disk plowing with hoses discharging sludge ahead of each disk. 
Valves and sludge pumps located near the holding tank are operated by radio control 

from the tractor. , 

The environmental concerns of chemicals in sludge spread on agncu tura ^ are 
surface water and groundwater pollution and contamination of soil and crops with toxic 
substances. Laboratory analyses of a sludge normally include solids content; nitrate, 
ammonia, and organic nitrogen; soluble and organic phosphate, potassium, an met s 
of arsenic, ca dmium, chromium, copper, lead, mercury, molybdenum, me e , se eniuin, 
and zinc. These 10 toxic metals are regulated as maximum allowable concentrations in 
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biosolids applied to agricultural land [1]. Cadmium is the heavy metal of greatest con¬ 
cern to human health, since it can be taken up by plants to enter the human food chtiin 
[6]. The movement of cadmium to groundwater is very unlikely to occur at the pH 
values of greater than 6.0 commonly associated with agricultural soils. The pr imar y 
chronic health effect of excessive dietary intake is damage to the kidneys. 

The cadmium content of agricultural soils ranges from near zero to several hundred 
milligrams per kilogram of soil contaminated by industrial wastes. In addition to sludge, 
many phosphate fertilizers contain cadmium. Predicting plant uptake from soils with 
accumulated cadmium is difficult because of interactive controlling conditions. Soil pH 
is an important chemical factor, but the kind of plant species is just as important. Within 
plants, the highest amounts of cadmium absorption occur in the fibrous roots, followed 
by the leaves; the lowest concentrations are in fruits, seeds, and storage organs. Potential 
high-risk food plants for humans are leafy vegetables (e.g., lettuce and spinach). Fodder 
crops and cereal grains appear to present the least risk. Davis and Coker [9] have written 
a comprehensive literature review and discussion of the distribution of cadmium, plant 
uptake, and hazards associated with sludge used in agriculture. 

■ EXAMPLE 1 3.20 A municipal wastewater contains 200 mg/1 of BOD, 220 mg/1 of 
suspended solids, 35 mg/1 of nitrogen, and 0.016 mg/1 of cadmium. Wastewater pro¬ 
cessing is primary sedimentation and secondary activated sludge, with the waste sludge 
anaerobically digested prior to spreading on agricultural land. The plant effluent is dis¬ 
charged to a river. Based on operational data, 25% of the influent cadmium appears in 
the 110 mg of digested sludge solids produced per liter of wastewater processed. The 
fertilizer value of the dried sludge solids is 4.0% available nitrogen. 

1. Calculate the concentration of cadmium in the plant effluent in milligrams per 
liter. If the concentration limit of cadmium in the river water is 0.0013 mg/1 to 
protect aquatic life, what dilution ratio of plant effluent to cadmium-free river 
water is needed? 

2. Calculate the concentration of cadmium in the dry biosolids in units of milli¬ 
grams per kilogram. Compare this value to the maximum allowable concentra¬ 
tion of 85 mg/kg. The digested sludge is being applied to land cultivated for 
growing soybeans with a recommended agronomic nitrogen application rate of 
220 kg/ha. Calculate the maximum allowable biosolids application rate for ni¬ 
trogen uptake in tonnes per hectare. 

3. Ferric chloride (waste pickle liquor) added to the wastewater for increasing 
phosphorus removal in treatment also increases the cadmium removal to 70%. 
Whaf dilution ratio of plant effluent to cadmium-free river water is needed? Cal¬ 
culate the concentration of cadmium in the dry biosolids. 

Solution: 

1. The cadmium in effluent amounts to 0.75 X 0.016 = 0.012 mg/1. Assume the 
dilution ratio is X (i.e., when the effluent flow is 1, the river flow is X). Then 

X X 0 + 1 X 0.012 = (1 -f- X) X 0.0013 
X = flow of river/flow of wastewater discharge =8.2 
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2. The concentration of cadmium in sludge solids equals 

0.25 X 0.016 mg ^ 

—— ^ in-6 rr~ " 

110 mg X 10 ® kg/mg 


The nitrogen content of the sludge solids equals 

no mg/1 X 0.04 X 1000 kg/t ^ 

110 mg/1 

The maximum allowable biosolids application rate equals 

220 , ^ 

— = 5.5 t/ha 
40 


40 kg/t 


3. The cadmium in effluent is 0.30 X 0.016 — 0.0048 mg/1. Therefore, the dilution 
ratio required is 2.7. The concentration in the sludge is 100 rag/kg, which ex¬ 
ceeds the maximum allowable concentration of 85 mg/kg. The maximum allow¬ 
able sludge application rate based on nitrogen is 5.5 t/ha. 

These computations illustrate that treatment for removal of phosphate by chemical 
precipitation also increases the removal of cadmium. Therefore, although the effluent 
quality improves, the contamination of the sludge is greater. * 


13.29 Codisposal in a Municipal Solid-Waste Landfill 

Sludge cake disposed of with household refuse can be either dewatered raw or digested 
sludge [10, 11]. The estimated percentage of sludge buried in municipal landfills for 

final disposal is 35% (Table 13.11). ... 

The methods of codisposal can be to mix the wet sludge cake with either solid waste 
or soil. In a sludge-solid-waste operation, sludge is deposited on top of a layer of solid 
waste at the working face of the landfill and mixed as thoroughly as possib e. sing 
bulldozers and landfill compactors, each mixed layer is then spread, compacte , an 
covered with a layer of soil. If the sludge is too wet, it is difficult to cortfine^on the 
working face and equipment can slip and become stuck. Application o s u ge s ou 
not exceed the absorptive capacity of the refuse. If difficulties persist, *e sludge rnus 
be dewatered to a higher solids content or the quantity of sludge accepte ^ 
reduced. The recommended design bulking ratios (weight of ^ ° ^ 

sludge) for various sludge solids contents are as follows. 6 tons o re use or 
of sludge at 10%-17% solids content, 5 for 1 at 17%-20%, 
greater [10]. Water treatment plant sludges are buried in codisposal landfi 

i dudge-soU mixture operation, the sludge r^s ^ flismeM 

intermediate layers between layers of refiise and as a in f „movinE sludae 

is not strictly landfilling, it is a viable option with the 

from the working face where difficulties with equipment occur. 
soil mixture proLtes growth of vegetation over the fill areatonnnrtmaewmd and water 
erosion, without the need for fertilizer. 
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Codisposal regulations for municipal solid-waste landfills define wastewater sludges 
and water treatment plant residuals as nonhazardous wastes. If toxicity is suspected, test¬ 
ing for controlled toxic substances is advisable. A key restriction in codisposal applies to 
liquids to reduce the amount of landfill leachate. Using conventional dewatering pro¬ 
cesses, the solids contents of wastewater and water wastes are usually adequate. 


13.30 Surface Land Disposal 

Surface disposal is the placement of sludges on land at high application rates for final 
disposal rather than as a beneficial soil amendment [10]. Of the approximately 13% of 
wastewater sludge (Table 13.11) disposed of in surface sites, about one-half is placed in 
dedicated sites, one-quarter in monofills, and one-quarter in others. Water treatment 
plant residuals are usually buried in monofills [2]. 

Dedicated sites are where liquid wastewater sludge is injected below the surface 
using a chisel plow injector unit or spread on the surface by tank truck or sprayed by an 
irrigation system. Because of the high rate of disposal, dedicated sites do not qualify as 
land application even though some are designated as beneficial use sites to grow a vege¬ 
tative cover. 

Monofills are burial sites where raw or digested wastewater sludges or water treat¬ 
ment residuals as semisolids are spread and covered with soil. On sites with deep 
groundwater or bedrock, trenches can be excavated with a layer of stratum or soil be¬ 
tween the deposited sludge and the top of the groundwater or bedrock. The sludge mass 
is usually dumped from the transport trucks directly into the trenches and on-site equip¬ 
ment is used for trench excavation and covering. The other method of monofill construc¬ 
tion is an area fill, with sludge placed on the ground surface and the fill built as a mound 
with a soil cover. Area fills are better for sites with shallow groundwater or bedrock. 

Other surface disposal methods are piles and impoundments. Sludge piles are un¬ 
covered mounds of stabilized cake used for storage prior to final disposal. Surface im¬ 
poundments are above-ground or below-ground ponds for storage of liquid sludges, 
such as anaerobically digested wastewater sludge and water treatment plant clarifier and 
backwash waters. In order to maintain a constant liquid depth, an overflow pipe drains 
supernatant back to the treatment plant. Seepage is controlled by either a liner or a 
leachate system. Settled solids accumulate until the impoundment is either dredged or 
covered and closed. 


Problems 

13.1. The settled sludge from coagulation of a surface water is 1.5% solids, of which 
30% are volatile. Compute the specific gravity of the dry solids and specific 
gravity of the wet sludge. Assume specific gravity values of 2.5 for the fixed 
matter and 1.0 for the volatile. What is the volume of waste in cubic meters per 
1000 kg of dry solids? 

13.2. A primary wastewater sludge contains 6.0% dry solids that are 65% volatile. 
Calculate the specific gravities of the solid matter and the wet sludge. If this 
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residue is thickened to a cake of 22.0% solids, what is the specific gravity of the 
moist cake? 

13.3. Compute the volume of a waste sludge with 96% water‘content containing 
1000 lb of dry solids. If the moisture content is reduced to 92%, what is the 
sludge volume? 

13.4. An activated-sludge wastewater plant with primary clarification treats 10 mgd 
of wastewater with a BOD of 240 mg/1 and suspended solids of 200 mg/1. 

(a) Calculate the daily primary and waste-activated sludge yields in pounds of 
dry solids and gallons, assuming the following: 60% SS removal and 35% BOD 
reduction in primary settling; a primary sludge concentration of 6.0% solids; an 
operating food/microorganism ratio of 1:3 in the aeration basin; and a solids 
concentration of 15,000 rag/1 (70% volatile) in the waste-activated sludge. 

(b) What would be the solids content of the sludge mixture if the two waste 
volumes were blended together? (c) If the waste activated is thickened separately 
to 4.5% solids before blending, what would be the combined sludge volume and 
solids content? 

13.5. Estimate the excess solids production of an extended aeration process treating 
unsettled wastewater with a BOD of 200 mg/I and suspended solids concentra¬ 
tion of 240 mg/1, assuming k = 0.35. Express the answer in milligrams per liter 
of wastewater treated. 


13.6. A municipal wastewater with 220 mg/1 of BOD and 260 mg/1 of suspended 
solids is processed in a two-stage trickling-filter plant. Calculate the following 
per 1.0 m^ of wastewater treated: (a) the dry solids production in primary and 
secondary treatment, assuming 50% SS removal and 35% BOD reduction in 
pri mar y settling and a k value of 0.40 applicable for the trickling-filter second 
ary; (b) the daily sludge volume, both primary and secondary solids, assuming 
5.0% solids content. (A specific gravity of 1.0 can be assumed for the wet 
sludge.) 

13.7. What is the estimated waste-activated sludge generated from a conventional aer- 
ation process treating 29,000 m¥d with 173 tng/1 of BOD after primary settlmg? 
The operating F/M is 0.24 g BOD/day per gram MLSS. Assume a suspended- 
solids concentration of 9800 mg/1 in the waste sludge. 


13.8. A river water treatment plant coagulates raw water havmg a turbi*ty of 12 umts 
with an alum dosage of 40 mg/1, (a) Estimate the total sludge 

in Ib/rail gal of water processed, (b) Compute the volumes of w^te from *e 
settling b^ins and filter backwash water, assuming that 70% of the ^ 
are removed in sedimentation and 30% in filtration, a settled riudge 
centration of 1.2%, and a solids content of 600 mg/1 m the 

(c) Calculate the composite sludge volume after the two wastes ar g y 

ened to 3.5% solids. 

13.9. AwaterplanttreatsasurfacewaterwithameantutbidityoflS^bya 

an average of 19.8 mg/1 of alum. From plant records, the sludge yield from the 
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sedimentation basins averages 1400 per Mm’ of water treated with a solids 
content of 1.4%. The filter wash water, at a volume of 3.2% of the water treated, 
contains an average of 160 mg/1 of solids. Determine the total dry solids pro¬ 
duced per 1.0 Mm^ of water treated and compare this value with the total sludge 
solids calculated by using Eq. Cl3.9). 

13.10. Example 11.4 describes softening a water by excess-lime treatment in a two- 
stage system. Based on the appropriate chemical reactions, both precipitation 
softening and recarbonation removal of excess lime, calculate the total residue 
produced per million gallons of water processed. 

13.11. Example 11.6 describes softening a water by split treatment in a two-stage sys¬ 
tem. Based on the appropriate chemical reactions, calculate the precipitate pro¬ 
duced per million gallons of water processed. 

13.12. The superintendent of a water treatment plant requests your assistance in calcu¬ 
lating die dissolved mineral solids removed in the lime softening of a well water 
and the sludge solids produced. He wants to present these data to the city council 
to emphasize the improvement in water quality resulting from treatment. The 
plant processes 0.45 mgd by the addition of 300 mg/1 of hydrated lime, which 
is 74% CaO by weight, followed by recarbonation. The lime treatment also 
removes iron and manganese from the water. Analyses of the well water and 
treated water are listed below, (a) Tabulate the ionic concentrations, calculate the 
milliequivalents per liter, and sketch milliequivalent-per-liter bar graphs. (Refer 
to Example 11.1.) (b) Calculate the dissolved minerals (calcium, magnesium, 
iron, manganese, and bicarbonate) removed in pounds per day for the 0.45 mil 
gal of water treated, (c) Calculate the dry sludge solids produced per day and the 
weight of the wet sludge, assuming a solids concentration of 5%. 


Well Water Treated Water 


(All values are given in milligrams per liter except pH) 


Ca 

94 

HCO3 

390 

Ca 

21 

HCO3 

107 

Mg 

24 

SO4 

73 

Mg 

14 

SO4 

64 

Na 

27 

Cl 

2 

Na 

23 

Cl 

6 

Fe 

0.7 

F 

0.3 

Fe 

0 

F 

0.2 

Mn 

0.4 



Mn 

0 




Total hardness = 332 Total hardness = 112 

pH = 7.2_pH = 7.7 


13.13. The purpose of this problem is to view conventional wastewater treatment as a 
thickening process where pollutants removed from solution are concentrated in 
a small volume convenient for ultimate disposal. Figure 13.3(a) is a schematic 
diagram of conventional wastewater treatment. Starting with 120 gpcd of aver¬ 
age domestic wastewater with characteristics as listed in Table 12.1, show in 
step-by-step calculations how 120 gal of wastewater is reduced to one-half pint 
of filter cake with 20% solids. Assume 35% solids reduction in anaerobic diges¬ 
tion. List yoiJr assumptions. (1 gal = 8 pints.) 


Problems 715 

13*14. The proposed sludge-processing scheme for a conventional step-aeration acti¬ 
vated-sludge plant is as follows: return of waste-activated sludge to the head of 
the plant, withdrawal of the combined sludge (raw and waste activated) from the 
primary clarifier, concentration in a gravity thickener, application of plant efflu¬ 
ent to the thickener for dilution water, return of the thickener overflow to the 
plant inlet, and mechanical dewatering of the thickened underflow. Briefly com¬ 
ment on the operating problems you would anticipate with this system. What 
type of sludge handling and thickening would you recommend to replace the 
proposed scheme? 

13.15. Outline the alternative methods for processing and disposal of alum-coagulation 
wastes from treatment of a surface water. 

13.16. A gravity thickener handles 33,000 gpd of wastewater sludge, increasing the 
solids content from 3.0% to 7.0% with 90% solids recovery. Calculate the quan¬ 
tity of thickened sludge. 

13.17. A waste sludge flow of 40 mVday is gravity thickened in a circular tank with a 
diameter of 6.8 m. The solids concentration is increased from 4.5% to 7.5% with 
85% suspended-solids capture. Calculate the solids loading in kg/m^'d and the 
quantity of thickened sludge in mVd. 

13.18. Size a gravity thickener based on 10 Ib/ftVday for a waste sludge flow of 
25,000 gpd with 5.0% solids. Assume a side-water depth of 10.0 ft. After instal¬ 
lation, operation at design flow yields an underflow of 8.0% with 90% solids 
removal. What is the flow of dilution water needed to maintain an overflow rate 
of 400 gpd/ft^? If the consolidated sludge blanket in the tank is 4.0 ft thick, 
compute the estimated solids retention time in the thickener. 

13.19. An activated-sludge treatment plant without primary sedimentation processing a 
warm wastewater has 2 aeration basins with a total volume of 6730 m^ and 
2 clarifiers with scraper mechanisms to push the settled solids to a central hop¬ 
per. Each aeration basin is prismoidal in shape with the length twice the width 
and completely mixed by pedestal-mounted mechanical aerators. The waste- 
activated sludge is discharged to prismoidal thickening and holding tanks with a 
maximum liquid depth of 3.9 m and designed for fill-and-draw operation. Before 
withdrawing supernatant, the suspended solids thicken by hindered settling, 
and at least some compression, for several hours. The underflow of thickened 
sludge is discharged to open-air sand drying beds for dewatering and the super¬ 
natant returned to the plant inlet. The loading on the plant is 13,000 m^/d with 
260 g/m^ of BOD, and the effluent contains 7 mg/1 of BOD and 13 mg/1 of 
suspended solids. The operating MLSS is 2300 mg/1, and the mixed liquor is 
normally 20° C or greater. The waste-activated sludge averages 340 mVd with 
0.80% solids. The designer assumed the waste sludge would thicken to 3.0% 
solids and drying timp. on the sand beds would be 32 d. In actual operation, the 
performance of the sludge processing system was a failure. The solids concen¬ 
tration in the thickened sludge averaged 1.8%, which is 67% greater in volume 
than at 3.0%. Furthermore, the wet sludge required two to three times longer 
than 32 d to dry sufficiently for removal from the sand beds. Since the cake 
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remained moist on the bottom and did not shrink suflficiently to open cracks, the 
organic solids adhered to the sand grains, sealing the pores on the surface of the 
bed. Foul odors were emitted during drying. As a result, most of the settled 
sludge is hauled away in tank trucks for disposal in a dedicated landfill, whichis 
a costly operation. 

a. How would you classify this activated-sludge process? Keep in mind the 
high temperature of the wastewater. (Refer to Sections 12.19 and 12.21.) 

b. Calculate the sludge age and multiply it by 20“C. Compare this to the aera¬ 
tion period of 200-300 degree-days given in Section 13.17. What does this 
value indicate? 

c. Could the solids concentration of 0.80% in the waste-activated sludge 
have been improved by installing different clarifier mechanisms? (Refer to 
Section 10.16.) Could the return sludge rate in operation of the activated- 
sludge process influence the solids concentration in the waste sludge? (Refer 
to Section 12.19.) 

d. Why doesn’t the waste-activated sludge thicken to 3.0% by plain sedimen¬ 
tation? (Refer to Section 13.2.) 

e. Why is the thickened waste-activated sludge difficult to dewater on sand dry 
ing beds? 

f. What sludge processing and disposal sfstem would you recommend for this 
treatment plant? 

13.20. Settled sludge and filter wash water from water treatment are thickened in 
clarifier-thickeners prior to mechanical dewatering. The settled sludge vol¬ 
ume is 1150 gpd with 1.0% solids, and the'backwash is 9800 gpd containing 
500 mg/1 of suspended solids. Calculate'the daily quantity of thickened sludge, 
assuming a concentration of 3.0% solids'. 

13.21. Lagoon disposal of alum sludge is being considered for a water treatment plant 
processing 10,000 mVd. The proposed site can accommodate four lagoon cells 
each with a surface area of 800 m^ and depth of 3.0 m. Sludge from the sedi¬ 
mentation basins averages 15 m Vd and contains 1.4% solids; the quantity of 
filter wash water is 400 m-Vd and contains 160 mg/I of suspended solids. The 
wash water is to be gravity thickened to greater than 1 % with polymer addition 
before discharging to the lagoons. The plan of operation is to discharge from the 
sedimentation basins and thickeners to fill one cell at a time, withdrawing super¬ 
natant and allowing consolidation and air drying for at least one year after filling 
before cleaning. This aging period is expected to enhance dewatering by sub¬ 
jecting the sludge to freeze-thaw cycles during the winter months. Based on 
field studies, this procedure will shrink the sludge layer to a depth of less than 
one meter with an average solids content of_ 10%. Is this proposed plan likely to 
be successful? 

13.22. After expansion of an activated-sludge plant, the production of waste-activated 
sludge during the maximum month is 500 mVd with 0,80% solids. The old ex 
isting flotation thickeners are to be replaced by gravity belt thickeners. Deter 
mine the size of 2 identical units to increase the solids content to a minimum o 
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5%. Assume that operation is to be 7 d/wk for a maximum of 7 hr/d; design 
hydraulic loading of 34 mVm-h and maximum solids loading of 270 kg/m‘h. If 
the polymer solution is 0.20% dry powder by weight, what is the solution feed 
rate for a polymer dosage of 3,0 kg/tonne? 

13.23. A flotation thickener processes 250 m^ of waste-activated sludge in a 16-hr oper¬ 
ating period. The solids content is increased from 10,000 mg/1 to 40,000 mg/1 
with 92% solids capture. Calculate the quantity of float in cubic meters per 
16-hr period. If the solids loading is 12 kg/m^-hr, what is the hydraulic loading 
in mVm^*d? 


13.24, Waste-activated sludge processed by dissolved-air flotation is concentrated from 
9800 mg/1 to 4.7% with 95% suspended-solids capture. During a 24-hr operat¬ 
ing period, 50,000 gal of sludge was applied with a polymer dosage of 32 mg/1. 
The thickener surface area is 75 ft^. Calculate the solids loading, volume of float 
produced in 24 hr, and polymer addition in Ib/ton of dry solids. 

13.25. A single-stage anaerobic digester has a capacity of 13,800 ft^, of which 
10,600 ft^ is below the landing brackets. The average raw-waste sludge solids 
fed to the digesters are 580 lb of solids/day. (a) Calculate the digester loading 
in lb of volatile solids fed/ft^ of capacity below the landing brackets/day. As¬ 
sume that 70% of the solids are volatile, (b) Determine the digester capacity 
required based on Eq. (13.11), using the following data: 

average daily raw-sludge solids = 580 lb 
raw-sludge moisture content = 96% 

. digestion period = 30 days 
solids-reduction during digestion = 45% 


digested-sludge moisture content = 94% 

digested-sludge storage required = 90 days 

13.26. Calculate the digester capacity in cubic meters required for conventional single- 
stage anaerobic digestion based on the following parameters. 

daily raw-sludge solids production — 630 kg 

volatile solids in raw sludge = 70% 


moisture content of raw sludge 95% 

digestion period = 30 days 

volatile solids reduction during digestion = 50% 

moisture content of digested sludge — 93% 

storage volume required for digested sludge — 90 days 

13.27. The design wastewater loading for a proposed 

is 1200 mVd containing 260 mg/1 BOD “-i. mg/1 suspended 

(a) Calculate the requited capacity of a conventional digester based on a raw- 
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sludge concentration of 4.5%, digested-sludge solids concentration of 8.0%, 
total solids reduction during digestion of 40%, an/ value of 0.50 for Eq. (13.5), 
a k value of 0.40 for Eq. (13.6), and a storage period for digested sludge of 
90 days, (b) Compute the digester capacity per population equivalent load on the 
treatment plant. 

13.28. The average daily quantity of thickened raw waste sludge produced in a munici¬ 
pal treatment plant is 15,000 gal containing 10,000 lb of solids. The solids are 
70% volatile, (a) Calculate the percentage of moisture in the thickened sludge, 
(b) Determine the volume required for a first-stage high-rate digester based 
on the following criteria: a maximum loading of 100 lb of volatile solids per 
1000 ftVday and a minimum detention time of 15 days, (c) If the volatile solids 
reduction in the completely mixed digester is 60%, what is the percentage of 
moisture in the digested sludge? 

1329. The waste sludge production from a trickling-filter plant is 12.5 mVd containing 
620 kg of solids (70% volatile). The proposed anaerobic digester design to sta¬ 
bilize this waste consists of two floating-cover heated tanks, each with a volume 
of 480 m^ when the covers are fully raised and a volume of 310 in^ with the 
covers resting on the landing brackets, (a) Calculate the digester volume per 
equivalent population with the covers fully raised. Assume 100 g of solids pro¬ 
duction per capita, (b) Calculate the digester loading in terms of kg volatile 
solids fed/m^ of tank volume below the landing brackets/day. (c) Calculate 
the digested-sludge storage time available between lowered and raised cover 
positions. Assume a volatile solids reduction of 60% during digestion and a 
digested-sludge moisture content of 93%. 

13.30. A domestic wastewater plant using rotating biological contactors for secondary 
treatment (Fig. 12.30) has a two-stage anaerobic digestion system (Fig. 13.13). 
The first stage is a heated, completely mixed fixed-cover digester with a liquid 
volume of 15,500 ft^. The second stage is an unheated and unmixed digester 
with a liquid volume of 15,500 ft^ equipped with a gas-dome cover and super¬ 
natant draw-offs. Alum is added to the RBC effluent ahead of the final clarifiers 
to precipitate phosphate. (The plant was retrofitted with alum feeders and new 
final clarifiers after original construction to meet a revised effluent standard for 
phosphorus.) The average wastewater flow is 0.63 mgd. Influent characteristics 
are 166 mg/1 of BOD, 128 mg/l of suspended solids, and 7.1 mg/1 of inorganic 
phosphorus. Effluent characteristics are 7 mg/l of BOD, 16 rag/1 of suspended 
solids, and 1.3 mg/l of inorganic phosphoms. Alum addition is 405 Ib/day, The 
quantity of raw sludge produced averages 2400 gpd with 4.4% solids, which are 
67% volatile. The quantity of digested sludge accumulated in the second-stage 
tank averages 1500 gpd with 4.3% solids, which are 45% volatile. The total gas 
production firom digestion is 4200 ftVday. (a) Calculate the volatile solids load¬ 
ing and liquid detention time of the first-stage digester. How do these values 
compare with those in Table 13.8? (b) Calculate the digestion gas production per 
pound of volatile solids added and per pound of volatile solids destroyed. Com¬ 
pare these values with those in Table 13.6. (c) Estimate the total solids sludge 
yield as the sum of raw primary solids [Eq. (13.5)], biological sludge solids 
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[Eq. (13.6)], and alum precipitate as aluminum phosphate [Eq. (14.5)]. How 
does this compare with actual sludge solids yield? 


13.31. The two-stage anaerobic digesters at a trickling-filter plant are a fixed-cover tank 
for first-stage high-rate sludge stabilization with a liquid volume of 42,000 
and a floating-cover second-stage storage and thickening tank with a volume of 
70,000 ft ’ between the lowered and fully raised cover positions. The quantity of 
raw sludge applied is 2800 ftVday containing 5.0% solids that are 70% volatile. 
(a) If 60% of the volatile solids in the raw sludge is reduced by digestion, cal¬ 
culate the solids concentration in the digested sludge leaving the first-stage di¬ 
gester. (b) Estimate the daily methane production in first-stage digestion, (c) If 
the digested, thickened sludge contains 7.0% solids, compute the maximum 
number of days of digested-sludge storage available, (d) Assume the first-stage 
digester has been operated at a digesting sludge temperature of 35‘’C for several 
weeks. How would the gas production change if the operating temperature were 
decreased slowly to 25® C? How would gas production be affected by a slow 
increase in operating temperature from 35® to 45° C? 


13.32. A two-stage stone-media trickling-filter plant was evaluated for the town of 
Nancy in Prob. 12,34. Determine the anaerobic digester capacity for stabilizing 
the sludge from this plant in two identical single-stage floating-cover tanks, and 
the required area for open-air drying beds for a northern state in the Great Lakes 
region. Using Eq. (13.11), calculate the volume required based on the following: 
(a) The design quantity of raw sludge solids during the maximum month is the 
amount calculated by Eq. (13.4) using Eq. (12.37) and Eq. (12.38). (b) A raw- 
sludge solids content of 4.0%, digested-sludge solids content of 6.0%, total 
solids reduction of 35%, and required storage period of 120 days. How does the 
calculated volume compare with the suggested capacity of 5 ft’/PE? (c) Calcu 
late the required area of open-air drying beds. 

13.33. A wastewater sludge is stabilized and thickened in anaerobic (figestion. The 
daily raw-sludge feed is 100,000 lb containing 5500 lb of dry solids. Forty per 
cent of the matter applied is converted to gases during digestion, and the digested 
residue is increased to 10% solids by supernatant withdrawal. Calculate e vo u 
metric reduction of wet sludge achieved in the digestion process. 


13.34. The raw sludge pumped to an anaerobic digester contains 5.0% *a 
65% volatile. The digested sludge withdrawn from the tank has 6.5% sohds a 
are 40% volatile. Based on these data, estimate by calculations (a) the percentage 
of volatile solids converted to gas during digestion and (b)&e quantity o sup 
natant withdrawn for every 1000 gal of raw sludge fed to t e ges er. 

13.35. The solutions to Prob. 12.44 include flow diagrams for trickling 
plants to treat a wastewater flow of 2.0 mgd. Expan one o 
include anaerobic digestion of the waste sludge an open air i 

gested sludge. Show the arrangement for two single-stage digesters drying bed^ 
Ldge and supernatant return piping, and utilization of the digestion gas. List 
numerical design guidelines for sizing the digesters an ying 
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13.36. The solution to Prob. 12.52 is a flow diagram for a treatment plant with primary 
sedimentation and secondary step aeration. Expand this diagram to include an¬ 
aerobic digestion of the waste sludge and dewatering of the digested sludge by 
belt-filter presses. Show the arrangement for handling both the primary sludge 
and waste-activated sludge, a two-stage digestion system, belt filter presses, 
sludge piping, and piping for return of digester supernatant and press waste- 
water, List numerical design guidelines for sizing the digesters, waste sludge 
thickeners, and belt presses. 

13.37. Aerobic digesters with a total capacity of 50,000 ft^ stabilize waste-activated 
sludge from an extended-aeration treatment plant without primary clarification. 
The average daily sludge flow pumped to the digestion tanks is 32,000 gal with 
1.5% solids, of which 65% are volatile. The estimated solids production per 
capita is 0.17 lb of VS/person/day. Calculate the sludge detention time in the 
digesters, VS loading Ib/ftVday and volume provided per capita. 

13.38. The oxidation-ditch treatment plant described in Prob. 12.49 has two aerobic 
digesters each with a,liquid volume of 8000 ft-’ and 200 cfm aeration capacity. 
The digesters are operated as a semibatch process. Each morning the air is turned 
off, and the digesting sludge solids are allowed to thicken. After several hours of 
quiescent settling, supernatant is withdrawn and returned to the plant inlet so 
waste sludge can be pumped into the digesters. Once a week, settled sludge is 
withdrawn from the hopper bottom of the digesters and hauled away for disposal 
by spreading on agricultural land. In order to maintain the MLSS concentration 
at 2500 mg/1 in the oxidation ditches, an average of 2000 ft-Vday of sludge con¬ 
taining 7600 mg/1 of suspended solids (65% volatile) is pumped to the digesters, 
after withdrawal of supernatant. The average suspended-solids concentration in 
the digesting sludge is 11,000 mg/I, and the lowest temperatures measured in 
the aerating sludge are 8-10°C. The withdrawal of digested gravity-thickened 
sludge averages 700 ftVday containing 14,000 mg/1 of suspended solids (55% 
volatile). Calculate the volatile solids loading and air supply and’compare the 
results with the recommended values given in Section 13.17. Calculate the sludge 
aeration period in degree-days. (The sludge age can be calculated by dividing the 
product of the volume of the digesters and the suspended-solids concentration in 
the digesting sludge by the average daily sludge withdrawal times its suspended- 
solids concentration.) How does the calculated aeration period in degree-days 
compare to the recommended value for adequate sludge stabilization? 

13 J9. A waste-activated sludge with a total solids concentration of 12,500 mg/1 and 
volatile solids content of 8800 mg/I is applied to an aerobic digester with a 
detention time of 25 days. The volatile solids destruction is 50% during diges¬ 
tion. Calculate the volatile solids loading in units of kg/m-’*d and the solids con¬ 
tent of the digested sludge, assuming no supernatant is withdrawn. If the solids 
content at the bottom of the digester can be increased to 1.5% by quiescent set¬ 
tling, what percentage of the waste sludge can be decanted as supernatant? 

13.40. The activated-sludge treatment plant without primary sedimentation described 
in Prob. 13.19 is recommended for expansion to process a wastewater flow of 
19,500 mVd by adding one more aeration basin and clarifier. Using a waste- 
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activated sludge of 510 mVd with 0.80% solids, determine the dimensions of 
3 aerobic digesters using the same design data (except for waste-activated sludge 
volume and solids concentration) and criteria listed in Example 13.14. 


13.41. The extended aeration system for the town of Nancy is described in Prob. 12.51. 
Determine the aerobic digestion capacity for stabilizing the sludge from this 
plant in two diffused-air digesters equipped with supernatant draw-offs. Al¬ 
though sludge dewatering on open-air drying beds is being considered, the feas¬ 
ibility of dewatering by belt filter presses is also under consideration because of 
the long cold winter. The aerating sludge is expected to be as low as 8°C, and 
drying beds probably could not be cleaned for up to 3 months, (a) Calculate the 
digester volume required based on the following: (1) The daily waste-solids 
yield for design can be calculated from average flow and BOD, the waste sludge 
has a total solids content of 1.0%, and the solids are 70% volatile. (2) The vola¬ 
tile solids loading of the digester should not exceed 0.04 Ib/ft’/day, and the aer¬ 
ation period should not be less than 200 degree-days, computed by multiplying 
the estimated sludge age by S^C. (3) A thickened digested sludge with a solids 
concentration of 1.5%. (4) Volatile solids reduction during digestion of 50%. 
(5) An average operating suspended-solids concentration in the digesters of 
1.0%. (b) For the drying beds, assume a maximum allowable solids loading of 
10 Ib/ftVyr. (c) For sizing belt filter presses, assume a maximum hydraulic 
sludge loading of 30 gpm per meter of belt width (Table 13.9) and a maximum 
operating period of 35 hr per week, 7 hr/day for 5 days. Two presses are required 
for reliability by the design-reviewing authority. 


13.42. The design wastewater flow for a small community is 400 mVd, containing 
200 mg/1 BOD and 240 mg/1 suspended solids. The proposed treatment is 
extended aeration without primary sedimentation. After aerobic digestion, the 
waste sludge can be taken directly from the aerobic digesters for spreading on 
agricultural land or pumped into a large asphalt-lined storage basin for winter 
storage, (a) Calculate the required capacity for the aerobic digesters assuming 
the F/M loading on the aeration tank is 0.15 g BOD/d per gram MLSS, the 
waste-activated sludge solids content is 1.5% (70% volatile), and the criteria or 
sizing the aerobic digesters are a maximum VS loading of 0.60 kg/m- an a 
minimum digestion period of 15 days, (b) How large must the storage asm 
to hold a 90-day volume of digested sludge, assuming that the total so^s reduc¬ 
tion during aerobic digestion is 25% of the total solids in the applied sludge and 
the solids concentration in the storage basin can be increased to . c y wi 


drawing supernatant? 

13.43. What are the reasons for mixing either an organic amendment or a recoverable 
bulking agent with dewatered sludge cake before composting. 

13.44. A treatment plant produces an average of 75,000 gpd of pnmar> 
solids conceLtion of 6.0% and 230,000 gpd of 

a water content of 99.0%. (a) If the waste-activated sludge is 
solids by flotation and then combined with the pnmaoi sludge pnm to dewat«- 
ing, what is the quantity and soUds content of the blended sludge. (A. 
m% soUds cV« in flotation thickening.) (b) Kbelt filter presses dewater the 
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sludge to 23% solids, how many 8-ton truckloads of cake must be hauled to land 
burial each day? (Assume 100% solids capture in filtration and negligible weight 
added by chemical conditioning.) 

13.45. The smallest belt filter press manufactured for sludge dewatering has an effective 
belt width of 1 m. Estimate the equivalent population that can be served by this 
unit assuming 0.20 lb of dry solids/capita/day of sludge production, a solids 
loading of 100 Ib/m/hr, and a 7-hr operating period each day. 

13.46. A belt filter press with an effective belt width of 2.0 m dewaters 100 gpm of 
anaerobically digested sludge with a solids content of 6.5%. The polymer dosage 
is 6.4 gpm, containing 0.20% powdered polymer by weight. The wash-water 
consumption for belt cleaning is 60 gpm. The cake solids content is 30% and the 
suspended-solids concentration in the wash water measures 1800 mg/1. Calcu¬ 
late the hydraulic loading rate, solids loading rate, and polymer dosage and esti¬ 
mate the solids recovery. 

13.47. A belt filter press housed in a mobile trailer was used to test the dewaterability 
of an anaerobically digested sludge. The effective width of the belt was 0.50 m. 
The operating data were a sludge feed rate of 4.5 m-Vhr, polymer dosage of 
0.45 mVhr containing 0.20% powdered polymer by weight, and wash-waterflow 
of 1.07 1/s. Based on laboratory analy.ses, total solids in the feed sludge equaled 
3.5%, total solids in the cake equaled 32%, wastewater from belt washing con¬ 
tained 2600 mg/1 suspended solids, and the filtrate was 1.201/s with 500 mg/1 
of suspended solids. Calculate the hydraulic loading, solids loading, polymer 
dosage, and solids recovery. 

13.48. Recommend the size of belt filter presses and schematic layout for dewatering 
the aerobically digested sludge in Prob. 13.40. 

13.49. At an existing treatment plant, the vacuum filters are being replaced by belt filter 
presses to dewater anaerobically digested sludge prior to stockpiling and spread¬ 
ing on agricultural land. The design sludge production, which is the average 
quantity during the maximum month of the year plus 25% for future plant ex¬ 
pansion, equals 90,000 gpd with an average solids concentration of 5.0%. Using 
a trailer-mounted press, the performance data for dewatering the 5.0% sludge 
were a hydraulic loading of 45 gpm/m, cake solids content of 24%, polymer 
dosage of 4.0 gpm/m with a concentration of 0.20% powdered polymer, wash- 
water usage of 32 gpm/m, and wastewater production of 64 gpm/m containing 
2200 mg/1 of suspended solids. Calculate the following; solids loading, polymer 
dosage, wash-water usage and wastewater production per 1000 gal of sludge 
dewatered, solids recovery, and daily cake production. For a design operating 
schedule of 12 hr/day with two presses, recommend the size of the presses for 
installation. 

13.50. An alum sludge is dewatered by pressure filtration. A daily volume of 40 ni^ of 
slurry is pressed from 2.0% solids concentration to a cake of 40% solids, after 
conditioning with 10% lime. Calculate the volume of filtrate and weight of the 
cake produced per day. (The 40% concentration of cake solids includes the alum 
precipitate and the lime addition.) 
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13.51. A diaphragm plate-and-frame filter press is used to dewater alum sludge from a 
water treatment plant. Each chamber of the press has a filtering area of 36 ft^ 
During normal operation, the total cycle, time (feed, compression, discharge, and 
wash) is 20 min. The volume of alum sludge applied per chamber per cycle is 
300 gal, and the lime dosage as CaO is 10% of the alum solids. The alum sludge 
feed averages 3.6% solids, and the sludge cake is 38.5% solids, including the 
lime. Solids capture can be assumed to be 100%, since the filtrate contained less 
than 200 mg/1 of suspended solids. Calculate the cake production per gallon of 
alum sludge in pounds, assuming a specific gravity of 1.0, and the filter yield in 
pounds per square foot per hour based on applied alum solids. 


13.52. The solution to Prob. 11.19 is a process flow diagram for a surface water treat¬ 
ment plant, and the solution to Prob. 11.27 is a process flow diagram for a water¬ 
softening plant. Expand each diagram to include a scheme to process the sludge 
from sedimentation and the wash water from filtration. The wastes must be 
thickened and dewatered for hauling to land disposal, since sufficient land area 
at the plant sites is not available for lagoons or drying beds. (Refer to Sec¬ 
tions 13.5 and 13.3.) 


13.53. Refer to Example 13.17. Why were centrifuges selected for dewatering the 
sludge from this plant rather than belt filter presses? Why is equalization of feed 
sludge important in centrifuge dewatering? What were the selected methods of 
cake conveyance? 

13.54. A solid-bowl centrifuge dewaters an anaerobically digested blend of primary and 
waste-activated sludges at a flow rate of 8.01/s with a polymer addition of 10 kg 
per 1000 kg of dry solids. The sludge feed contains 2.4% solids, the cake aver¬ 
ages 19%, and the suspended-solids concentration in the centrate is 3200 mg/1. 
Calculate the solids recovery and centrate flow rate. 


13.55. A lime precipitate from a water-softening plant is concentrated in a scroll centri¬ 
fuge from 10% to 60%. The suspended-solids capture is 90%. Calculate the 
suspended-solids concentration in the centrate and the volumetric reduction ot 
the waste slurry as a percentage of the feed. 


13.56. a. 


b. 


Compare the required processing and quality for biosolids sold in bulk for 
agricultural land application to biosolids sold in bags for application on pri¬ 
vate lawns and gardens. 


:ompare the required processing and quality for biosoli^ sold in bulk for 
igricultural land application to dewatered sludge buried by codisposal in a 
nunicipal solid-waste landfill. 
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Advanced Wastewater 
Treatment Processes 
and Water Reuse 


Prologue 

The purpose of this chapter is to: 

■ Acquaint the reader with the quality standards and uses for re¬ 
claimed water 

■ Discuss the characteristics of specific contaminants and the opera¬ 
tion of methods to remove them 

■ Provide examples of reclamation systems currently in use 


Advanced wastewater treatment refers to methods and processes that remove more con¬ 
taminants from wastewater than are usually taken out by conventional techniques. The 
term tertiary treatment is often used as a synonym for advanced waste treatment, but 
the two are not precisely the same. Tertiary suggests an additional step applied only 
after conventional primary and secondary wastewater processing, for example, granular 
media filtration followed by chlorination with an extended contact time for removal of 
pathogens. Advanced treatment actually means any process or system that is used after 
conventional treatment, or to modify or replace one or more steps, to remove refracto^ 
contaminants. Several of these pollutants not taken out by secondary biological mefiiods 
can adversely affect aquatic life in streams, accelerate eutrophication of lakes, hinder 
use of surface waters for municipal supplies, and restrict reuse of wastewater or imga 
^•on, groundwater recharge, or other beneficial applications. i j h 

The term water reclamation implies that the combination of conventiona an 
vanced treatment processes employed returns the wastewater to near y 
(i-e.. reclaims the water). Reclamation to drinking water quality is required for infilt - 
tion or injection into an aquifer used or classified as a potable water source, ew 
^®ss, reclaiming wastewater for direct reuse as drinking water is not permitte an 
when diluted with natural water is not considered safe. If reclaimed water were con¬ 
sumed as drinking water, the long-term health effects would not be Imown. . 

'Water reuse is the planned direct use of reclamed wastewater or 
cations. Wastewater treatment requirements consider protection of human health, p 
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tial environmental impacts, and public access. The most common reuse is restricted 
agricultural irrigation of fodder, fiber, and seed crops requiring conventional treatment 
and disinfection. In regions with limited water supplies, restricted urban irrigation is 
used to water highway medians and golf courses. Unrestricted irrigation, after tertiary 
filtration and disinfection, is applied to open access areas, such as parks and play¬ 
grounds. Groundwater recharge by surface spreading requires advanced wastewater 
treatment based on specific site conditions. For groundwater recharge by well injection, 
water reclamation is required to achieve drinking water quality. 


LIMITATIONS OF SECONDARY TREATMENT 

Contamination of municipal water results from human excreta, food preparation wastes, 
and a wide variety of organic and inorganic industrial wastes. Conventional treatment 
employs physical-biological processes, and possibly chlorination, to reduce biochemi¬ 
cal oxygen demand, suspended solids, and pathogens. Water quality deterioration from 
municipal use results in the following approximate increases of pollutants after ordinary 
secondary treatment: 300 mg/1 of total solids, 200 mg/1 of volatile solids, 30 mg/1 of 
suspended solids, 30 mg/1 of BOD, 26 mg/1 of nitrogen, and 5 mg/1 of phosphorus. 
Treated wastewater can also contain traces of organic chemicals, heavy metals, excreted 
pathogens, and other contaminants. 


14.1 Effluent Standards 

The maximum acceptable level of organic matter in a wastewater effluent after biologi¬ 
cal treatment is defined in terms of BOD and suspended-solids concentrations. For each 
of these parameters, the arithmetic mean of daily measurements in a period of 30 con¬ 
secutive days is limited to 30 mg/1, and that in a period of 7 consecutive days is limited 
to 45 mg/1. Conventional wastewater processing can include chemical disinfection, 
usually chlorination. Where public health is a concern, the effluent standard is often a 
maximum geometric mean concentration of fecal coliform bacteria in a period of 30 
consecutive days of 200 per 100 ml and in a period of 7 consecutive days of 400 per 
100 ml. In some cases, these standards are not adequate to protect the receiving water 
body to ensure adequate quality for uses involving human contact, that is, recreation and 
water supply. Advanced wastewater processes can further reduce BOD and suspend^' 
solids concentrations, increase removals of pathogens, precipitate phosphorus, oxidize 
ammonia nitrogen, and diminish the content of trace organics and heavy metals. 

Phosphorus is the key nutrient for growth of algae and aquatic plants associate 
with eutrophication. Where effluents are discharged to lakes and estuaries, either 
rectly or via rivers, standards have been adopted by most states to limit phosphorus 
input. A commonly established maximum effluent concentration is 1.0 mg/1. Thiscn 
terion requires a reduction of about 85% in domestic wastewater treatment. 

Ammonia nitrogen, the most common form of nitrogen in an effluent from biologi 
cal treatment, is toxic to fish at relatively low concentrations and can exert a signih'^®*' 
oxygen demand. The maximum allowable ammonia nitrogen concentration to protec 
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warm-water fish is about 5 mg/l at apH of 8; for cold-water fish, the limit is about 1 mg/1. 
With regard to oxygen demand, 4.6 lb of oxygen are used theoretically to bacterially 
nitrify 1.0 lb of ammonia nitrogen. For disposal- in a receiving stream with limited dilu- 
tional flow, oxidation of a major portion of the ammonia is sometimes needed along 
with more stringent BOD and suspended-solids removals. For example, effluent limits 
may be established at 10 mg/l of BOD, 10 mg/l of SS, and 5 mg/l of NH3-N. Partial 
denitrification is occasionally specified where the receiving watercourse is used for a 
public water supply. The limit for nitrate concentration in drinking water is 10 mg/l 
NO3-N. 

Wastewater effluent can be chlorinated in an attempt to reduce the number of path¬ 
ogens. Usually the chlorine is applied at a dosage up to 15 mg/l with a minimum contact 
time of 30 min. Even though fecal coliforms in conventional wastewater treatment plus 
chlorination are removed to a level of200 per 100 ml, a 99.99%+ reduction, the effluent 
may not be free of excreted pathogens. Helminth eggs are unharmed by chlorination and 
protozoal cysts are extremely resistant, so they must be physically removed, and viruses 
are more resistant to chlorination than fecal bacteria. Furthermore, the presence of sus¬ 
pended solids inhibits disinfection by harboring bacteria and viruses within biological 
floe, shielding them from the action of the chlorine. 

The ability of gravity sedimentation to remove suspended solids following biologi¬ 
cal aeration is a major limitation of conventional treatment. Plain granular-media filtra¬ 
tion can remove suspended solids to a concentration of about 10 mg/l to further reduce 
BOD. With chemical coagulation, the suspended solids can be reduced to less than 
5 mg/l, and in a well-operating coagulation and filtration system an effluent turbidity of 
less than 10 NTU can be achieved. A pathogen-free effluent is produced by tertiary 
coagulation and filtration, with or without sedimentation, and chlorination with an ex¬ 
tended contact time. Helminth eggs, protozoal cysts, and suspended solids that interfere 
with the disinfecting action of chlorine are removed in filtration. Chlorination of the 
clear filtered effluent with a high chlorine residual-contact time inactivates enteroviruses 
and kills pathogenic bacteria. The microbiological effluent standard for reuse of tertiary 
effluent in unrestricted irrigation and groundwater recharge is commonly 2.2 fecal coli¬ 
forms per 100 ml. Sometimes allowable limits are also specified for enteric viruses and 
helminth eggs, such as Ascaris. 

Effluent chlorination results in the formation of chloramines from the reaction be¬ 
tween free chlorine and ammonia. Chloramines are toxic to fish at very low levels. The 
recommended maximum concentrations of residual chlorine are 0.01 mg/l for warm- 
water fish and 0.002 mg/l for cold-water fish. In advanced wastewater treatment, de¬ 
chlorination is performed by the addition of sulfur dioxide to the effluent. 

Many organic and inorganic chemicals are refractory to conventional treatment, and 
local conditions often dictate discharge limits for specific compounds. Some cause aes¬ 
thetic problems, e.g., foam or color in the receiving watercourse or taste and odor in 
downstream water supplies. Toxic organic compounds or metal ions are injurious to 
aquatic life and, in sufficiently high concentrations, prevent safe re^e of the receiving 
water as a public supply source. The main problems are detecting, identifying, and es¬ 
tablishing discharge limits for toxins. The traditional approach has been to compare 
instream concentrations of known pollutants with surface water quality standards. How¬ 
ever, sometimes the toxins cannot be identified by chemical testing, standards may not 



728 CHAPTER 14 Advanced Wastewater Treatment Processes and Water Reuse 

exist, and the impact of toxicity may depend on interacting factors such as pH, alkalinity, 
and hardness. As a result, biomonitoring has been developed for toxicity assessment. 

Biomonitoring to evaluate acute and chronic toxicities is performed by short- and 
long-term tests on aquatic organisms like minnows, crustaceans, and invertebrates. The 
tests are conducted on full-strength wastewater and several dilutions, using water ftom 
the receiving stream to determine the NOEL (no-observed-effect-level) values for acute 
and chronic exposures. Based on these data and the dilution provided by the receiving 
stream, exposure criteria can be calculated and discharge permit limits established. The 
toxins and their sources are determined by additional bioassays in combination with 
chemical testing on samples from the wastewater collection system. 


14.2 Flow Equalization 

Wastewater flows have a diurnal variation ranging from less than one-half to more than 
200% of the average flow'rate. In addition, daily volumes are increased by inflow and 
infiltration into the sewer collection system during wet weather. The strength of a mu¬ 
nicipal waste also has a pronounced diurnal variation resulting from nonuniform dis¬ 
charge of domestic and industrial wastes. Treatment plants traditionally have been sized 
to handle these deviations without significant loss of efficiency. For conventional pri¬ 
mary and secondary treatment, designing units to accommodate peak hourly flow is 
more economical than installing flow equalization basins to eliminate the diurnal influ¬ 
ent pattern. Industrial wastes entering a municipal system can cause excessively large 
flows and peak organic loads, so it is better to install facilities at the industrial site for 
flow smoothing prior to discharge. 

Many advanced waste treatment operations, such as filtration and chemical clarifi¬ 
cation, are adversely affected by flow variation and sudden changes in solids loading. 
Maintaining a relatively uniform influent allows improved chemical feed control and 
process reliability. Costs saved by installing smaller units for chemical precipitation and 
filtration, together with reduced operating expenses, may more than compensate for the 
added costs of flow equalization facilities. 

Equalization basins to level diurnal flow variations may be designed for either side¬ 
line or in-line operation. A side-line basin may receive, temporarily store, and return 
either raw wastewater after screening and degritting or clarified wastewater after pn- 
mary sedimentation, A raw-wastewater basin requires aeration mixing to reduce odors 
and maintain organic solids in suspension. The tank is often equipped with a sludge 
scraper to prevent consolidation of settled solids. If the side-line basin follows primary 
sedimentation, aeration mixing and sludge scrapers may not be necessary. In a warm 
climate, the basin may be a paved pond that is flushed clean with chlorinated effluaai 
after each use by an automatic sprinkling system. All the wastewater passes through au 
in-line basin. If placed between grit removal and primary sedimentation, mechanical or 
diffused aeration is required to keep solids in suspension and to prevent septicity. Ho 
ing tanks may also be placed at other locations in the treatment scheme. For exampki® 
basin serving as a pump suction pit can be located just ahead of filters to dampen hy 
draulic surges without providing complete flow equalization. 
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Table 14.1 Wastewater Flows From Fig. 12.16(b) 


TIME 

FLOW RATE 
(mgd) 

CUMULATIVE 
VOLUME 
(mil gal) 

Midnight 

— 

0 

2 a.m. 

13.1 

1.1 

4 

10.7 

2.0 

6 

9.7 

2.8 

8 

14.8 

4.0 

10 

22.5 

5.9 

Noon 

26.6 

8.1 

2 p.m. 

25.6 

10.3 

4 

23.5 

12.2 

6 

21.8 

14.0 

8 

18.9 

15.6 

10 

16.7 

17.0 

Midnight 

14.4 

18.2 

Average 

18.2 



Basin volume required for flow equalization is determined from mass diagrams 
based on average diurnal flow patterns. The capacity needed is usually equivalent to 
10%-20% of the average daily dry-weather flow. Extra volume should be provided 
below the low water level, since both mechanical and diffused aeration systems must 
have a minimum depth to maintain mixing. Example 14.1 includes sample calculations 
for determining equalization basin volume. 

■ EXAMPLE 14.1 Determine the basin volume needed to equalize the diurnal waste- 
water flow pattern diagrammed in Fig. 12.16(b). 

Solution: Hourly flow rates measured from Fig. 12.16(b) and calculated cumulative 
volumes are listed in Table 14.1; the mass diagram of wastewater flow from Table 14.1 
IS drawn in Fig. 14.1. The slope of the line connecting the origin and final point on the 
iTiass curve equals the average 24-hr rate of 18.2 mgd. To find the required volume for 
equalization, construct lines parallel to the average flow rate and tangent to the mass 
curve at the high and low points. The vertical distance between these two parallels is the 
required basin capacity; in this case, the value is 2.5 mil gal or 13.7% of the daily 
influent of 18.2 mil gal. * 


SELECTION OF ADVANCED WASTEWATER 

treatment processes 

fable 14.2 lists popular advanced treatment methods. Upgrading treatment to increase 
Bod and suspended-solids removal is usually accomplished by tertiary operations, 
such as filtration. Emphasis is also being placed on unit operations for nutrient removal. 
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AM PM 

Time of day 


Figure 14.1 Mass diagram of wastewater flow, from Table 14.1 
for Example 14.1, to determine the basin volume needed to 
equalize flow. 

particularly precipitation of phosphates by either separate chemical coagulation or 
biological-chemical aeration and by nitrogen extraction by air stripping or biological 
nitrification-denitrification. 

14.3 Selecting and Combining Unit Processes 

Culp and Culp [1] present the following major factors affecting unit process selection, 
influent wastewater characteristics, the effluent quality required, reliability, sludge han¬ 
dling, process compatibility, and costs. The degrees of treatment needed at present and 
in the future are the primary considerations, because neither raw-wastewater character- 
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Table 14.2 Selected Advanced Wastewater Treatment Processes _ 

Suspended-solids removal 
Plain filtration through granular media 
Direct filtration with chemical coagulation 
Organic chemical removal 
Adsorption on granular activated carbon 
Phosphorus removal 

Biological-chemical precipitation and clarification 
Chemical coagulation and clarification 
Irrigation of cropland 
Nitrogen removal 

Biological nitrification-denitrification 
Irrigation of cropland 
Pathogen removal 
Granular-media filtration 
Disinfection by chlorine or ozone 
Heavy metals removal 

Lime precipitation __ 


istics nor effluent quality specifications can be safely considered permanent. When con¬ 
sidering alternative schemes, the best choice for the original plant allows for expansion 
and change to meet future needs. Maximum flexibility for modifying operations to im¬ 
prove performance is of major importance. 

The reliability of a process is directly related to the experience gained from oper 
ating plant-scale systems. Available data may be limited on actual operating results and 
the costs of new treatment techniques. Pilot-plant studies can provide satisfactory in or 
mation on liquid processing, but often they do not adequately evaluate sludge prob ems 
or compatibility with previous and subsequent unit operations. Problems ^ 
going from pilot to full scale are not easily recognized; thus, for maximum reliability, 
plant designers should take advantage of art and practice developed from existing 


scale installations. , , . ^ „ 

Sludge handling and disposal dictate to a considerable extent the selection of pro¬ 
cesses that are most feasible for separating contaminants from wastewater. A unit opera¬ 
tion, even though successful in extracting pollutants from water, can be uriaccep a 
the waste sludge produced is difficult and costly to dewater; hence, sMge disposal mus 
always be considered an integral part of any treatment technique. ^ ^ 

residue by spreading on land, burial, or incineration necessitates concentration of w^te 

slurries by biological or chemical stabilization and mechanica , • j 

Advanced treatment processes require greater study because they often 
precipitates as well as organic sludges. A critical question is w e er , 

organic wastes should be kept separate or combined for . ^porcom- 

answer often determines whether chemical treatment is app “ hinlooical aeration 
biaed with conventional operations of primary sedimentation 
A fonrth consideration involves compatibility 
treatment scheme. Optimum pH is often important an cam 
operations. For instance, ammonia stripping is most efficient ro recycled 

disinfection by chlorine is more effective at low pH values, os 
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waste streams from individual unit operations in the overall treatment process must be 
considered. Segregation or blending of centrate, filtrate, backwash water, and other re¬ 
turn flows and their point of return demand evaluation m design. 

Both capital and operating costs influence process selection and often dictate design 
decisions. Common factors include electiic power consumption; application of chemi¬ 
cals; carbon regeneration; the choice of methods for sludge disposal; and separation or 
combination of biological and chemical treatment. Regarding the latter, phosphorus- 
removal schemes incorporated in conventional processes may be cheaper than tertiary 
treatment until the cost of handling the biological-chemical sludge mixture is included 
in the evaluation. Separate disposal ot the two sludges may be more economical, except 
where the blended sludge can be disposed of by land burial. 


SUSPENDED-SOLIDS REMOVAL 

Removal of suspended solids from the effluent of a conventional treatment plant may be 
in order to reduce the organic content or to pretreat the wastewater for subsequent pro¬ 
cessing. Effective disinfection requires removal of suspended solids that can harbor and 
protect pathogenic bacteria and viruses from the oxidizing action by chlorine or ozone. 
Carbon adsorption columns are preceded by liltration to prevent fouling of the granular 
activated carbon medium. 


14.4 Granular-Media Filtration 

Design criteria for wastewater lilters cannot be derived directly from experience in po¬ 
table water systems. Waterworks filters are generally operated at constant rates under 
relatively steady suspended-solids loading. Unless equalization is provided, a waste- 
water plant must handle a varying rate of flow with peak hydraulic and solids loadings 
occurring simultaneously. Particulate matter found in typical wastewaters is less pre¬ 
dictable and much more "sticky" than w'ater-plant solids, thus making filter backwash¬ 
ing more difficult. Also, the nature of suspended matter is not consistent and varies with 
the preceding treatment processes. Microbial floes are the dominant suspended solids 
following secondary biological treatment, while carryover from biological-chemical 
and physical-chemical methods contains a significant quantity of coagulant residue. 

Dual-media anthracite-sand filters with downward flow by either gravity or pres¬ 
sure dominate in American practice. This design permits production of a high-quality 
effluent with reasonable filter runs between bed cleanings. Typically, the layer of coarse 
coal with a specific gravity of 1.35-1,75 is 12-18 in. (0.3-0.5 m) deep, and the under¬ 
lying sand layer with a specific gravity of 2.65 is 8-12 in. (0.2-0.25 m) [2]. After 
backwashing, the media are arranged with the coarse lighter coal on top and the finer 
heavier sand on the bottom. The actual distribution and degree of intermixing depend 
on both relative particle-size gradations and specific gravities of the media. A filter bed 
with coarser coal over finer sand allows both surface straining and “in-depth’ filtration, 
reducing premature surface plugging and delaying solids breakthrough. Another kind o 
filter is a deep-bed single-medium filter of sand or anthracite ranging in size from 1 to 
3 ram with bed depths of 3-6 ft (1 -2 m). 
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Cleaning solids from granular media requires air or mechanical scouring in addition 
to fluidizing the bed by upflow of wash water. Fluidization alone does not provide the 
necessary abrasive action among media grains. Common sequences are air scouring by 
vigorous aeration up through the underdrain followed by backwash or concurrent air- 
and-water scouring with simultaneous sub-fluidization before initiating the full flow of 
backwash water. The source of backwash water is effluent from the tertiary filters. If the 
filtrate is disinfected, the chlorine contact tank serves as the source of supply. Otherwise, 
a storage tank is needed with sufficient capacity to clean the filters during their peak 
usage. Dirty wash water is collected in an equalizing tank and returned to the plant 
influent at a nearly constant rate for treatment. The quantity of backwash water returned 
is 2%-5% of the filtered water. 

Design considerations for granular-media filters [2, 3,4] include the filter configu¬ 
ration; types, size, gradation, and depths of filter media; method of flow control; back¬ 
wash requirements; filtration rate; terminal head loss; quantity and characteristics of the 
water applied; and desired effluent quality. Figure 14.2 is a schematic diagram of a 
biological treatment plant with tertiary filtration. Normally, at least two and usually four 
filter cells are provided for operational flexibility. The bed area should be sufficient to 
allow peak design flows with one unit out of service for backwashing or repair. 

Gravity filters in wastewater processing are usually designed with flow control by 
either influent flow splitting or declining-rate filtration. These methods are described in 
Section 10.20. 

Pressure filters (Fig. 10.41) are normally operated at a constant rate of flow, al¬ 
though some units use a constant applied pressure without effluent control, resulting in 
declining-rate filtration. Two advantages of enclosed filters are that high pressure can be 
used to overcome a greater head loss and negative head conditions are not created in the 
filter. 

The filtration rate, terminal head loss, length of filter run, and solids loading i^e 
interrelated parameters. Production from gravity-flow beds is normally 3 6 gpm t 
(2.0-4.1 l/m-'s). and terminal head loss is 8-10 ft (2.5-3.0 m) for gravity fi ters an 
20-30 ft when using pressure filters. The length of filter runs should be a minimum ot 



filters 


Figure 14.2 Typical layout of a biological P^'^^enSrProtection 

granular-media filters. [From Wastewater Filtration, Envi 
Agency, Technology Transfer (July 1974); 6.) 
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6 hr to avoid excessive use of wash water and shorter than 40 hr to reduce bacterial 
decomposition of organics trapped in the media. These design limits provide an average 
run length of about 24 hr. The highest solids loading on tertiary filters coincides with 
maximum hydraulic flow, since clarification following secondary treatment is least 
efficient at peak overflow. Even in well-operated plants, the suspended-solids content 
during high flows can range from 30-50 mg/1 (15-25 turbidity units). Therefore,the 
critical design condition is often based on the maximum 4-hr flow rate at the worst 
expected suspended-solids concentration. 

Experience indicates that filtration following secondary biological treatment can 
reduce suspended solids to a level of 5-10 mg/1, so the expected performance of a well- 
designed and properly operated system is an effluent with SS and BOD concentrations 
of less than 10 mg/1. However, chemical treatment prior to filtration is required to con¬ 
sistently produce an effluent of less than 5 mg/1 of SS and 5 mg/1 of BOD. 


■ EXAMPLE 14.2 Compute the area of granular-media filters required for suspended- 
solids removal from a trickling-filter plant effluent. The average daily flow is 18.2 mgd 
(68,900 mVd), and the maximum wet-weather flow for a 4-hr period is 31.0 mgd 
(117,000 m Vd), Data from a pilot-plant study are plotted in Fig. 14.3. Filters are dual¬ 
media, gravity-flow beds, downtime for backwashing is 30 min, and water usage equals 
150 gal/ft- (6.1 mVmO. Assume a nominal filtration rate of 3 gpm/ft^ (54 mVmM). 
Check the peak rate with one filter cell out of .service. 


Solution: For the average daily wastewater flow and nominal filtration rate of 
3.0 gpm/ft% 


filter area = 


18.2 mgd X 694 gpm/mgd 
3.0 gpm/ft- 


4200 fF 


Use four filters, each 1050 ft- (97.5 m-). 

From Fig. 14.3, the length of filter run is 21 hr for 3.0 gpm/ft^ and 30 mg/1 of SS. 

filter cycle time = run length •+ backwash time 
= 21.0 -T 0.5 = 21.5 hr 


volume of filtrate/cycle = 21 X 3.0 X 60 = 3800 gal/ft- 
backwash volume/cycle = 150 gal/ft- 


150 

3800 


= 4.0% 


backwash as a percentage of filtrate = 

/ needed filtration rate to account for\ 
j downtime and return of backwash 1 = 3.0 X 1.04 X 


21.5 

21 


\ water 

= 3.2 gpm/ft^ (57 m-Vm^-d) 

The quantity of suspended solids removed assuming 30 mg/l applied and 5 mg/1 
remaining in the effluent is 

(30 - 5) X 18.2 X 8.34 = 3800 lb of dry SS/day (1700 kg/d) 
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{August 1974].] 


For the maximum 4 -hr flow of 31.0 mgd, estimate the required „ ■ 

three filter cells operating and the fourth out of service if the return backwash wa e 

10 % of the wastewater flow. 

, 31£2LLiiiL®21 = 7.5 gpm/ftM130 mW-d) 

nitration rate -- 3 x 1050 
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The length of filter run from Fig. 14.3 at 40 mg/1 i.s 6 hr, which should be suffi¬ 
cient to allow operation when one cell i.s out of operation for cleaning or emergency 
repair. I 


14.5 Direct Filtration with Chemical Coagulation 

In Southern California, inland wastewater treatment plants discharge to flood control 
channels or river beds during periods of little or no dilutional flow. Impoundments in 
these watercourses are open to the public for recreation, including swimming. They also 
serve as recharge basins to replenish groundwater withdrawn by municipal wells. Asa 
result of these activities in water reuse, effluent standards are needed to protect public 
health, with emphasis on virus removal. 

The State of California Health Department established both quality and treatment 
criteria for wastewaters discharged into recreational impoundments. The quality crite¬ 
rion was a 7-day median coliform concentration less than or equal to 2.2 per 100 ml, 
Because of the difficulties in monitoring for the presence of viruses, no specific limit on 
virus concentration was proposed. The specified tertiary treatment included coagula¬ 
tion, sedimentation, filtration, and disinfection. Alternative tertiary treatment could be 
substituted for this criterion, provided the same degree of virus removal is achieved by 
the proposed processing. The prospect of being able to apply advanced wastewater treat¬ 
ment other than conventional water treatment resulted in researching less expensive 
alternatives. 

The Pomona Virus Study l.*^! investigated virus-removal efficiency of several terti¬ 
ary treatment systems on a pilot-plant scale. Flow diagrams for two of the systems are 
given in Fig. 14.4. The first scheme, serving as the baseline for alternative processing, 
includes coagulation with 150 mg/1 of alum, sedimentation, dual-media filtration at 
5 gpm/ft-, and chlorine contact for 2 hr with minimum residuals of 5 and 10 mg/1. 
Figure 14.4(b) is direct filtration (no flocculation or sedimentation) with a low alum 
dosage of 5 mg/1. The rate of filtration was 5 gpm/ft^ and the time and dosage of chlo¬ 
rine was 2-hr contact with residuals of 5 and 10 mg/1, which are the same as the baseline 
system. Other processes tested, but not discussed here, were two-stage granular activated 
carbon filtration with intermediate chlorination and ozonation in place of chlorination 
for disinfection processing of a nitrified wastewater effluent. The major objectives of 
this study were to rank the treatment systems based on their efficiency and reliability of 
virus removal and to estimate treatment costs for those systems that performed equiva¬ 
lent to the baseline system. 

Naturally occurring viruses were present in relatively low concentrations in the 
wastewater and were rarely detected in the tertiary effluents. Therefore, seedingexpen- 
ments had to be conducted with sufficient virus concentrations to produce measurable 
effluent virus counts. With polio I as a seed, viruses were added to the influent in the 
concentration range of 10^-10® PFU/gal. 

The key conclusions of the study were that the majority of virus inactivation oc 
curred during disinfection, and the main function of the preceding treatment waste 
remove substances that interfere with effluent disinfection. Also, the magnitude of 6 
chlorine residual directly affected the effluent virus concentration. The systems equiva 
lent in efficiency and reliability of virus removal were the baseline system [Fig. 14- 
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Anionic 
polymer 
0.2 mg/1 



(a) 


Anionic 



(b) 

Figure 14.4 Two of the tertiary treatment systems investigated for virus- 
removal efficiency in the Pomona, CA, pilot-plant studies, (a) Coagulation, 
sedimentation, filtration, and disinfection, (b) Coagulation, filtration, and 
disinfection. 


with 5 mg/1 of combined chlorine residual, direct filtration [Fig. 14.4(b)] with 10 mg/1 
of chlorine residual, two-stage carbon adsorption with a 5-mg/l residual, the baseline 
system with a 10-mg/l ozone dosage, and direct filtration with a 50-mg/l ozone dosage. 
The least-cost system that performed equivalent to the baseline system was direct filtra¬ 
tion and disinfection at the higher chlorine residual of 10 mg/1. 

As a result of the Pomona Virus Study, tertiary treatment has been implemented at 
six plants of the Sanitation Districts of Los Angeles County (Long Beach, Los Coyotes, 
Pomona, San Jose Creek, Valencia, and Whittier Narrows) treating approximately 
140 mgd [6]. The water reclamation at all of these plants is conventional biological 
treatment followed by direct tertiary filtration, with prior chemical coagulation using 
alum and anionic polymer, and plug-flow chlorination with an extended contact time 
[Fig. 14.4(b)]. The effluent quality is microbiologically and chemically safe for unre¬ 
stricted reuse, except for direct drinking water [6]. Effluent monitonng for 10 years 
(1979-1989) has demonstrated that these tertiary plants produce essentially virus-free 
reclaimed water. Of 590 samples averaging 1040 1 of reclaimed water each, only one 
was positive for an enteric virus (Coxsackie B3) [7]. Monitoring for coliforms never 
exceeded the California standard of the median coliform concentration of 2.2 per 100 ml 
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for the last 7 tests and the maximum concentration not to exceed 23 per 100 ml in any 
sample. 

The concentrations of heavy metals, nitrate nitrogen, and trihalomethanes meet 
drinking water standards. The excellent chemical quality is controlled by both limiting 
the indu.strial wastes entering the sewer system and efficient treatment plant operations. 
In addition to groundwater recharge and recreational impoundments, the reclaimed wa¬ 
ter is reused for landscape irrigation by communities near the reclamation plants. 


CARBON ADSORPTION 

Activated carbon can remove soluble organic chemicals at low concentrations from wa¬ 
ter (Section 11.37). Both granular activated carbon and powdered activated carbon arc 
used in advanced wastewater treatment processes. 

14.6 Granular-Carbon Columns 

Organic chemicals not extracted by conventional biological treatment can be mostly 
removed by adsorption and biodegradation on granular activated carbon (GAC) (Sec¬ 
tion 11.38). The large surface area of activated carbon assimilates organics while miao- 
bial degradation reopens pores in the granules. Because of this biological contribution, 
toxic substances in the applied wastewater can reduce the removal capacity. Some 
readily biodegradable substances arc difficult to adsorb on carbon, making itdifficultto 
predict the quality of effluent for a given wastewater. The ability to remove soluble 
organics should be demonstrated by pilot-plant tests as well as experience from existing 
full-scale plants. 

The configuration and operation of a carbon contactor, in addition to the nature of 
waste organics and character of the granular carbon, influence the effectiveness of ad¬ 
sorption. Contact times are generally less than 30 min, since longer periods do not sub¬ 
stantially enhance removals but do produce a favorable environment for generating 
hydrogen sulfide. Anaerobiosis can be controlled by decreased contact time, more fre¬ 
quent backwashing, oxygen addition, or prechlorination. 

The two alternative carbon-contacting systems are downward passage through the 
bed, either under pressure or gravity flow, and upflow through a packed or expanded 
column. GAC in a downflow unit adsorbs organics and filters out suspended materials. 
However, this dual-purpose approach can result in an unsatisfactory effluent owing to 
losses of efficiency in both filtration and adsorption. Downflow beds are periodically 
backwashed to remove accumulated solids, and therefore usually have an underdrain 
system and water piping similar to granular-media filters. Pretreatment by granular- 
media filtration is common to remove contaminants that interfere with carbon adsoip- 
tion. For regeneration, the GAC is removed from the bed, processed, and returned. 

Packed-bed upflow GAC columns are countercurrent with water entering the hot 
tom of the column through a screen manifold and overflowing through outlet screens a 
the top. Fresh carbon slurry is added by gravity, and the spent packing is withdrawn 
from the bottom. With the column in service, replacement can be performed continu 
ously at a slow rate, or intermittently by replacing 5%-10% of the column contentea 
a time. About 10% of the contactor volume is void space at the top of the tank- 
permits upward flow to be increased for bed expansion and flushing particulate matte 
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to waste to reduce head loss through the bed. The upflow-to-waste cycle can also be 
used to clean the naedium of excess carbon fines, if necessary. Countercurrent operation 
allows carbon near the inlet to become fully saturated with impurities prior to with¬ 
drawal for regeneration. 

Expanded-bed upflow contactors can be either pressurized or constructed with open 
tops. Tank volume includes a space of about 50% for bed enlargement during operation. 
Expanded-bed units have the advantage of being able to treat wastewaters relatively high 
in suspended solids without the excessive head losses that occur in a downflow unit. 

Exhausted activated carbon must be regenerated and reused to make adsorption 
economically feasible. Restoration is accomplished by heating in a multiple-hearth fur¬ 
nace with a low-oxygen steam atmosphere. Adsorbed organics are volatilized and re¬ 
leased in gaseous form at a temperature of about 1700°F. With proper control, granular 
carbon can be restored to near virgin adsorptive capacity while limiting weight loss. 
Thermal regeneration involves drying, baking (pyrolysis of adsorbates), and activating 
by oxidation of the remaining residue. The time required is about 30 min—15 min for 
drying, 5 min for gasifying the volatiles, and 10 min for reactivation. Furnace controls 
include the temperature, rate of steam feed, and rotational speed of the rabble arms. The 
latter two determine the carbon depth on the hearths and residence time in the furnace. 
Temperature is the most critical factor because insufficient heat will not volatilize the 
organic matter, while too high a temperature burns the carbon. 


14.7 Activated-Sludge Treatment 

with Powdered Activated Carbon 

The addition of powdered activated carbon (PAC) to the biological mixed liquor of an 
activated-sludge process can significantly improve removal of soluble organic chemi¬ 
cals. The mechanism for removal in the biological activated carbon (BAC) process is a 
combination of biodegradation and carbon adsorption [8]. This system, under the trade 
name PACT® (U.S. Filter/Zimpro), has been used primarily in treatment of industrial 
wastewaters to remove a wide range of volatile and synthetic chemicals. In water recla¬ 
mation of municipal wastewater, the application is for removal of organic chemicals 
limited by drinking water standards (Table 7.2) and to enhance nitrification. (Refer to 
Section 14.20 for application of the PACT system at the Fred Hervey Water Reclamation 
Plant.) 

The flow scheme is the same as a conventional activated-sludge system. The raw 
wastewater, usually after settling, flows through an aeration tank to a final clarifier. The 
overflow is the effluent and underflow the return sludge, a portion of which is wasted. 
Fresh PAC is added to the wastewater entering the aeration tank to make up for the 
losses in the waste sludge and effluent. To aid in agglomeration of the fine PAC, a 
polymer is often added to the mixed liquor entering the final clarifier. Depending on the 
chemical characteristics of the wastewater being processed, the operating sludge age 
(carbon-microorganism solids retention) ranges from 5 to 30 days, the fresh carbon dose 
ranges from 20 to 1000 mg/1, and the mixed-liquor concentration is 10 , 000 - 20 , 000 mg/1. 
Maintaining a large quantity of PAC adsorbent in the process improves removal of solu¬ 
ble organic chemicals, minimizes air stripping of volatile organic chemicals, and pro¬ 
vides stability against shock and variable organic loads. Nitrification may be enhanced, 
apparently due to adsorption of compounds inhibitory to nitrifying bacteria. 
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Wet air regeneration of PAC consists of the following process sequence. After 
thickening of the carbon-microorganism sludge to 6 %- 10 % solids, it is pumped with 
the addition of pressurized air at a minimum of 700 psi through heat exchangers to raise 
the temperature to greater than about 430° F. Under this high pressure and tempera¬ 
ture, the sludge enters a reactor where wet-air oxidation reduces organic chemicals and 
suspended solids to carbon dioxide, water, some low-molecular-weight organics, and 
ash. A small percentage (about 5%) of the PAC is lost by oxidation. After pressure 
reduction and cooling, a portion of the slurry is wasted to control buildup of ash in the 
BAC process. The slurry may also be processed in an effort to reduce the ash content of 
the regenerate product. 


PHOSPHORUS REMOVAL 

Most phosphorus entering surface waters is from human-generated wastes and land run¬ 
off. Contributions from nonpoint sources in surface drainage vary from 0 to 15 lb of 
phosphorus/acre/year, depending on land use, agricultural practice, fertilizer additions, 
topography, soil conservation practices, and other factors. Domestic waste contains ap¬ 
proximately 2.5 lb (1.1 kg) of phosphorus/capita/year. 

The most common forms of phosphorus are organic phosphorus, orthophosphates 
(H 2 PO 4 ", HPO 4 -', POj^'), and polyphosphates. Typical polyphosphates are sodium 
hexametaphosphate, Nai(PO-,),,; sodium tripolyphosphatc, Na,P,0,„; and tetrasodium 
pyrophosphate, Na 4 P 207 . All polyphosphates gradually hydrolyze in aqueous solution 
and revert to the ortho form. Domestic wastewater contains approximately 7 mg/1 of 
total phosphorus, of which about 80% is soluble. 

Reactions involving phosphorus are 

PO 4 + NHj + CO, — green plants (14.1) 

organic P - ■ - —> PO 4 (14.2) 

decompoMtion 

polyphosphates ■ PO 4 (14.3) 

^ in water 

PO4 -f multivalent metal ioi., — —> insoluble precipitates (14.4) 

coagulant 

The reaction in Eq. (14.1) is photosynthesis. Equations (14.2) and (14.3) are decompo¬ 
sition and hydrolysis reactions in which complex phosphates are converted to the stable 
orthophosphate form. Equation (14.4) is the precipitation of orthophosphate by chemi¬ 
cal coagulation. Substantial excess concentrations of hydrolyzing coagulants (aluminum 
or iron) or lime are required for effective phosphate precipitation. 


14.8 Biological Phosphorus Removal 

Primary sedimentation in conventional treatment settles only a small percentage of the 
phosphorus in wastewater, since the majority is in solution. Secondary biological pro¬ 
cessing involves removal of soluble phosphate taken up by the microbial floe. The 



14 9 Biological-Chemical Phosphorus Removal 741 

amount synthesized into growth is related primarily to the concentration of phosphates 
in the wastewater relative to the BOD content. Treating waste with a high BOD/P ratio 
eliminates a large percentage of the phosphorus, whereas processing with phosphorus 
in excess of biological needs results in lower removal efficiency. Domestic wastewater 
has a surplus of phosphorus relative to the quantities of nitrogen and carbon necessary 
for synthesis. In general, the amount of P embodied in the biological floe of a conven¬ 
tional activated-sludge process is equal to about 1% of the BOD applied. Anticipated 
removal in treatment of a typical wastewater with 200 mg/1 of BOD is 2 mg/1 of P, a 
reduction from 7 mg/1 to 5 mg/I or 30% phosphorus reduction. 

The method of processing and disposal of sludge withdrawn from primary and sec¬ 
ondary settling tanks is an important consideration in nutrient removal. The only phos¬ 
phorus considered extracted is that portion which does not end up in surface waters, 
namely, the amount in solids disposed of or hauled away from the treatment plant site. 
An extended aeration system operating without sludge wasting extracts no phosphorus. 
Dewatering of raw-waste sludge followed by land burial of solids results in maximum 
phosphorus removal. Conventional sludge stabilization by anaerobic or aerobic di¬ 
gestion returns to the influent of the treatment plant a supernatant liquid containing 
nutrients. 

Remedial action for phosphorus pollution is the treatment of wastewaters that dis¬ 
charge directly into lakes and rivers and streams that flow into lakes. States have adopted 
standards to control phosphorus discharges. Effluent limits range from 0.1 to 2.0 as P, 
with many standards established at 1.0 mg/1. To protect the lakes and surface waters 
of the Great Lakes and Chesapeake Bay drainage basins, phosphorus remov^ has 
been implemented at many wastewater treatment plants [9]. Of 526 plants in the es 
apeake Bay drainage basin (Maryland, Pennsylvania, and Virginia), 99 are removing 
phosphorus. 


1 A.9 Biological-Chemical Phosphorus Removal 

Chemical precipitation, using aluminum and iron coagulants or lime, is effecti 
phosphate removal. Three alternatives employed with convenUonal biologic^ treatment 

are illustrated in Fig. U.S.TheprocessmostftequentlyemployedisthatmFig. . 1 ). 

chemical precipitation with biological treatment. 


Chemical Precipitation and Biologicai Treatment 

Coagulation with biological aeration is used both to upgrade . sludge 

new design. For this pr«ess [Fig. 14.5(a)], chemicals are added to 

tank or to the effluent of the aeration basin before final “““'^tffluem 

rotating biological contactor system, the coagulant is usM ^ npp minutes of 

of file Llogical process. Proper mixing at the point of " 

flocculauon prior to clarification are essential 

for best floe formation and subsequent settling is "“‘*3™"2mty“ 

by varying the position of chemical application an mon 

solids. 
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Alternative 

Coagulant coagulant 

addition addition 



Waste sludge 
to disposal 


(a) 


Lime 



Waste sludge 
to disposal 


(b) 



Chemical 

addition 

Treated waste- 
water from 


biological 

secondary 

Rapid 

mix 


Flocculation 


Sedimentation 


Sludge 


Filtration 


Filter 


Effluent 


backwash 


(c) 

Figure 14.5 Phosphorus removal schemes, (a) Chemical precipitation with 
Diolo^cal treatment, (b) Lime precipitation in primary sedimentation followed by 
secondary completely mixed activated sludge, (c) Tertiary treatment by chemical 
precipitation. 


Both alum and ferric chloride are used in combined chemical-biological floccula¬ 
tion, with lime and polymers occasionally applied as coagulation aids. The theoretical 
chemical reaction between alum and phosphate is 

Al2(S04)3’14.3H20 + 2 ? 0 ^- = 2AlP04i + 3804^- -P I 4 . 3 H 2 O (14.5) 

The molar ratio of aluminum to phosphorus in this equation is 1:1, which is equivalent 
to a weight ratio of 0.87:1.00. Since alum contains 9.0% Al, 9.7 lb of coagulant is 
theoretically required to precipitate 1.0 lb of P. The actual coagulation reaction in waste- 
water is only partially understood and more complex than Eq. (14.5) because of second¬ 
ary. reactions with colloidal solids and alkalinity [Eq. (11.34)]. 
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Weight ratio of aluminum applied to phosphorus influent 

Figure 14.6 Biological-chemical phosphorus removal in a bench-scale, 
activated-sludge unit with alum added to the aeration chamber. The 
substrates applied were settled municipal wastewater and a synthetic 
medium of glucose and glutamic acid, with a phosphorus content of 
approximately 10 mg/I. [From D. T. Anderson and M. J. Hammer. Effects 
of Alum Addition on Activated Sludge Biota,” Water and Sewage WorHs 
120(1) (January 1973).] 


Alum demand is also a function of the degree of phosphorus removal, as dia¬ 
grammed in Fig. 14.6 [10]. The data are from operation of a bench-scale activated- 
sludge unit consisting of an aeration chamber and separate settling tank wi a s u ge 
return line. The wastewaters applied were settled domestic and a gluimse g ut^ic 
acid medium, both with a BOD of 150-190 mg/1 and average phosphorus level of 
10 mg/1. Without alum added to the aeration basin, phosphorus removal averaged 23 /c 
(Fig. 14.6). Chemical-biological processing improved Phosphate extraction with in¬ 
creased A1 to P dosages (aluminum applied to total influent phosp oms), in ica 
drop in coagulation efficiency as the amount of phosphorus remaimng . 

alurainum-to-phosphorus ratios for 90% P removal ftora the “ 

wastes were 15:1 and 2.0:1 A1 to P, respectively, equivalent to 170 220 mg/1 of 

alum. In full-scale activated-sludge and trickling-filter plants, uin app ' 

from 50 to 200 mg/1 for 80%-95% phosphorus removal [9]. Doused “'^Oon pr . 

more efficient flticulation and, for the same degree of phosphorus removal, uses less 

alum than trickling-filter installations. , . . a hinn of 

A large addition of aluminum coagulant has a marke m uen stalked 

activated sludge. /Vnderson and Hammer [10] 

protozoans are adversely affected to the extent that hig er i e om j chemi- 

with alum dosages in excess of 150 mg/1. Under these L 

cal flocculation replaces *e role “ ^^StiL to aeration basins and 

suspended-solids removals are enhanced by coag 
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trickling filters and generally result in effluent concentrations in the range of 10 to 
20 mg/1. 

Ferric chloride can also be applied with biological aeration to complex the phos¬ 
phate ion. The hypothetical chemical reaction is 

FeCl, + PO 4 '- = FeP 04 i + 3Cr (14.6) 

The molar and weight ratios of Fe to P are 1; 1 and 1.8:1, respectively. Theoretically, 
5.2 lb of FeCl 3 is needed to precipitate I lb of P since ferric chloride is 34% iron. The 
actual dosage is usually greater than this equation predicts for 85%-95% phosphate 
removal, and lime is commonly applied to maintain optimum pH and aid coagulation. 
The ferric iron reacts with both natural alkalinity and lime to precipitate as ferric hy¬ 
droxide [Eqs. (11.40) and (11.41)]. 

The least expensive and most common source of iron coagulants is waste pickle 
liquor from the steel industry [11]. Pickle liquor is variable in composition depending 
on the metal treatment process. Ferrous sulfate resulting from pickling with sulfuric acid 
and ferroud chloride from pickling with hydrochloric acid are the two common waste 
liquors from metal finishing. Waste pickle liquors have an iron content of 5%-10% and 
free acid in the range of 0,5%-15%. The addition of lime or sodium hydroxide is nec¬ 
essary for neutralization and pH adjustment. 

Aluminum and iron coagulants can be mixed with raw wastewaters to precipitate 
phosphates in primary clarification. This point of chemical addition, however, is less 
common than secondary chemical-biological processing. The advantage of first-stage 
chemical settling is increased suspended-solids removal, thus reducing the organic load 
to the biological secondary. The major disadvantage is higher coagulant usage for the 
same degree of phosphorus removal. In many plants, chemical feeders permit coagula¬ 
tion at either location to allow more flexibility in operation. 

Characteristics of waste chemical-biological sludge are influenced by the coagu¬ 
lant dosage, the nature of the wastewater solids, the system design, and operating 
conditions. The quantity of chemical precipitate produced can be estimated using the 
theoretical equations for a given dosage, and the organic residue calculated as described 
in Section 13.2. Addition of metal salts improves settleability of microbial floe resulting 
in a denser waste slurry. Chemical residues do not hamper sludge thickening and stabi¬ 
lization by any conventional methods; in fact, mechanical dewatering is improved. Stud¬ 
ies indicate that coagulation precipitates do not release phosphate back into solution 
during biological digestion [12]. Of course, the greater inert content of inorganic- 
organic sludge will influence ultimate disposal by incineration. 

Lime Precipitation of Raw Wastewater 

Lime applied prior to primary clarification [Fig. 14.5(b)] precipitates phosphates and 
hardness cations along with organic matter. Reaction with alkalinity [Eq. (14.7)] con¬ 
sumes most of the lime and produces calcium carbonate residue that aids in settled sus¬ 
pended solids. Calcium ion also combines with orthophosphate in an alkaline solution 
to form gelatinous calcium hydroxyapatite [Eq. (14.8)]. Treating domestic wastewater 
requires a dosage of 100—200 mg/1 as calcium hydroxide to remove 80% of the phos- 
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phate. The actual amount applied depends primarily on phosphorus concentration and 
hardness of the wastewater. 

Ca(HC03)2 + Ca(OH)2 = ICaCO^i + IHjO (14.7) 

5Ca2* + 40H- + 3 HPO 42 - = Ca5(0H)(P04)3>l + SH^O (14.8) 

The system sequence of lime precipitation followed by activated-sludge treatment, 
rather thpn reversing their order, uses less lime when an effluent of low phosphorus 
concentration is desired. The principal reason is that a biological system can readily 
extract low concentrations of phosphoms that would require excessive lime addition to 
precipitate. Secondary treatment by complete mixing of activated sludge is not adversely 
affected by chemical pretreatment. With proper control exercised, microbial production 
of carbon dioxide in the activated-sludge unit is sufficient to maintain a pH near neutral 
in the aeration compartment. A chemical-biological system of phosphate extraction can 
remove 90%-95% of the total phosphorus from a domestic wastewater containing lime 
dosages generally less than 150 mg/1 as calciuin hydroxide. 

Use of excess lime in chemical treatment has two potential problems: scale forma¬ 
tion on tanks, pipes, and other equipment, and disposal of the large quantity of lime 
sludge produced. Only operation of a full-scale installation will reveal the significance 
of these possible problems. The quantity of sludge produced is about 1.5—2 times that 
obtained by conventional treatment. 


Tertiary Treatment by Chemical Precipitation 

This process, diagrammed in Fig. 14.5(c), is biological secondary treatment foll^ed 
by chemical treatment with a flow diagram similar to that used in processing surface 
water supplies. The mixing and sedimentation system can consist of either separate 
rapid mix, flocculation, and sedimentation units in series or a flocculator-clarifier wi 
these three operations in a single-compartmented tank. Filters are usually mu time la 
beds operated by pressure or gravity flow. Possible chemical additives are ime, a um, 
ferric chloride, and ferric sulfate, with polymers as flocculation aids. A major design 
consideration of tertiary treatment is processing and disposal of settled sludge and filter 
backwash water. 


. 10 Tracing Phosphorus Through Treatment Processes 

cing phosphorus through a hypothetical treatment plant assists in • 

chaniL of phosphate removal. In order to do this, the Phosphorus 

ry and biological sludges must be estimated. The phosp ., tvoical 

ids from settling domestic wastewater is in the range 

lie of 0.9%, which is used in subsequent calculations, e p osp 

5te-activated sludge is more variable; nevertheless, recor e assumed 

%-2.5% range. In the following calculations, biological sludge s 

contain 2.0% phosphorus on a dry-weight basis. 
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Influent 


BOD = 200 mg/1 
SS = 240 mg/1 

oP = 3.0 mg/1 
tP - 4.0 m g/1 

tP = 7.0 mg/1 


Primary 


Settled 
wastewater 

BOD = 130 mg/1 
SS = 120 mg/1 

oP= 1.9 mg/1 
iP = 4.0 mg/1 

tP = 5.9 mg/1 


Aeration 


Final 


Effluent 


BOD = 30 mg/1 
SS = 30 mg/1 


oP = 0.02 X 30 = 0.6 mg/1 
iP = 4.6 - 0.6 = 4.0 mg/1 

tP = 7.0 - 2.4 = 4.6 mg/1 


t 


t 


Primary sludge per Waste-activated sludge 

liter of wastewater per liter of wastewater 


SS = 120 mg SS = 0.5 X 130 = 65 mg 

oP = 0.009 X 120= 1.1 mg oP = 0.02 X 65 = 1 3 mg 

Figure 14.7 Tracing phosphorus through a conventional biological 
treatment plant. 


Biological Phosphorus Removal 

Consider a conventional activated-sludge plant with primary clarification. Assume 
an influent with the characteristics of an average domestic wastewater as listed in 
Table 12.1. A flow diagram for the plant is shown in Fig. 14.7 with the influent con¬ 
centrations of BOD, suspended solids (SS), insoluble organic phosphorus (oP), soluble 
inorganic phosphorus (iP), and total phosphorus (tP). Sedimentation reduces the waste- 
water BOD £o 130 rag/1 (35% removal), SS to 120 mg/I (50% removal), and tPto 
5.9 mg/1 (16% removal). From the sedimentation of 1 liter of wastewater, the quantity 
of sludge solids is 120 mg of SS containing 0.009 X 120 = l.l mg of oP. 

Next, consider biological phosphorus removal by the activated-sludge process. 
Based on the method presented in Section 13.2, the waste biological solids producedper 
liter of wastewater treated using k = 0.5 (Fig. 13.1) and an applied BOD of 130 mg/1 
are 0.5 X 130 = 65 mg of SS. Assuming a phosphorus content of 2.0%, the oP in the 
waste sludge is 0.02 X 65 = 1.3 mg. 

The tP in the plant effluent equals the influent (tP = 7.0 mg/1) minus the oP remo¬ 
vals in the primary and waste-activated sludges (1.1 and 1.3 mg/1, respectively) fora 
remainder of 4.6 mg/1. The oP concentration in the effluent is 2.0% of the 30 rng/l of 
SS for 0.6 mg/1, which leaves an iP of 4.0 mg/1. Overall phosphorus reduction, assum¬ 
ing none of the phosphorus in the sludge is recycled to the plant in return flows, is from 
7.0 to 4.6 mg/1, for a removal efficiency of 34%. 


BJological- Chemical Phosphorus Removal 

Figure 14.8 is a flow diagram for a hypothetical biological-chemical treatment plant 
using alum addition in the activated-sludge process to precipitate the inorganic phos¬ 
phate. (Phosphorus removal in primary sedimentation is the same as in Fig. 14.7.) The 
required alum dosage was established by gradually increasing the amount applied while 
monitoring the total phosphorus in the plant effluent. For this hypothetical plant, the 



14.10 Tracing Phosphorus Through Treatment Processes 747 


Alum= 110 mg^ 



SS = 120 mg SS = 65 + 15 = 80 mg 

oP = 0.009x120= 1.1 mg oP = 0.02 x 80 = 1.6 mg 

Aipo.P = 7.0 — 3.7 = 3.3 mg 

4 

Figure 14.8 Tracing phosphorus through a biological-chemical treatment 
plant. 


minimum alum dosage to reduce the effluent phosphorus concentration from 4.6 mg/1 
without coagulation to the maximum allowable tP of 1.0 mg/1 is assumed to be 80 mg/1 
alum (molecular weight, 600). Addition of this coagulant also enhances the SS removal, 
reducing the effluent SS from 30 to 15 mg/1. The calculated oP in the effluent is there¬ 
fore 0.02 X 15 = 0.3 mg/1, and the iP concentration is 1.0 - 0.3 = 0.7 mg/1. 

Now consider phosphorus removal by the biological—chemical process. The waste 
biological solids include 65 mg of SS resulting from the applied BOD (Fig. 14.7) plus 
the 15 mg/1 from improved SS removal, for a total of 80 mg. The calculated oP in this 
organic sludge is 0.02 X 80 = 1.6 mg. The quantity of phosphorus precipitated by the 
alum as AIPO4 [Eq. (14.5)] is the influent tP (7.0 mg/1) minus the effluent tP (1.0 mg/1) 
and the oP removal in the organic sludge solids (1.1 + 1..6 mg) for a remainder of 
3.3 mg. The overall phosphoms removal efficiency is 86%. For an dum dosage of 
80 mg/1 and phosphorus feed concentration of 5.9 mg/1, the weight ratio of aluminum 
to phosphorus applied to the activated-sludge process is 

A1 _ 80(2 X 27/600) ^ 80 X 0.09 ^ 12 
T ~ 5.9 5.9 1.0 

Example 14.3 illustrates the procedure for calculating the theoretical sludge pro¬ 
duction for this biological—chemical treatment plant. 


■ EXAMPLE 14.3 Calculate the theoretical sludge solids production for the hypo¬ 
thetical biological-chemical plant diagrammed in Fig. 14.8. Assume 
water characteristics listed in Fig. 14.8, primary removals of 50% SS and 35% ^ 

operating F/M in the activated-sludge process of 0.40, an alum dosage of g , 
15 mg/1 of effluent SS, and an effluent phosphorus concentration of 1.0 mg/i. 
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Solution: The following calculations express sludge solids production in terms of 
milligrams per liter of wastewater treated: 

SS removal in primary sedimentation = 0.50 X 240 = 120 mg 

SS removal in the activated-sludge process = k X BOD [Eq. (13.6)] 

From Fig. 13.1, /: = 0.50 for an F/M of 0.40, and therefore 

SS removal = 0.50 X 0.65(200) = 65 mg 

Since the k from Fig. 13.1 assumes an effluent SS of 30 mg/1 and the actual effluent 
concentration is 15 mg/1, 

total SS removal = 65 + (30 - 15) = 80 mg 


From Eq. (14.5), 


AIPO4 precipitate = 


(P precipitated)(MW of AIPO4) 
(MWofP) 


Based on the 6.3 mg of phosphorus precipitate calculated in Fig. 14.8, 

(3.3)(122) 


AIPO4 precipitate 


31 


= 13 mg 


FromEq. (14.5), 

unused alum = alum dosage - 
3.3 X 600 


= 80 - 


2 X 31 


(P precipitated)(MW of alum) 
(2 X MW of P) 

48 mg/1 


The alum not used in phosphorus precipitation reacts with the natural alkalinity to 
precipitate as AKOH),. From Eq. (11.34) in Section 11.9, 


A 1 ( 0 H )3 precipitate = 


(unused alum) [2 X MW of Al(OH) 3 ] 
(MW of alum) 


(48)(2 X 78) 
600 


= 12 mg 


The total sludge solids production equals the sum of the primary SS removal, 
activated-sludge SS removal, effluent SS reduction below 30 mg/1, AIPO4 precipitate, 
and A1(0H)3 precipitate. For this hypothetical plant, solids production per liter of waste- 
water treated equals 120 -f 65 + 15 + 13 + 12 = 225 mg. * 


NITROGEN REMOVAL 

Most nitrogen found in surface waters is derived from land drainage (3-24 lb ofN/acre/ 
yr) and dilution of wastewater effluents. Feces, urine, and food-processing discharges 
are the primary sources of nitrogen in domestic waste with a per-capita contribution in 
the range of 8-12 lb of N/yr. About 60% is in the form of ammonia and 40% bound in 
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organic matter. Conventional primary and secondary processing extracts approximately 
25% of the total nitrogen, leaving most of the remainder as ammonia in the effluent. 

The nitrogen forms of interest are organic, inorganic, and gaseous nitrogen. Bacte¬ 
rial decomposition releases ammonia by deamination of nitrogenous organic compounds 
[Eq. (14.9)1, and continued aerobic oxidation results in nitrification [Eq. (14.10)]. Equa¬ 
tion (14.11) is biochemical denitrification that occurs with heterotropWc metabolism in 
an anaerobic or anoxic environment. These three reactions in sequence define the bio¬ 
logical nitrification-denitrification process. Water-soluble inorganic nitrogens (NH3, 
NOa", NOs") serve as plant nutrients in photosynthesis [Eq. (14.12)]. Finally, ammonia 
can be air-stripped from solution at high pH. 


Organic N 
NH4-" + O 2 
NOa" + O2 
NO3- 

Inorganic N + CO 2 


bacterial 

- r-r-^ NH4^ 

decomposition 

(14.9) 

nitrifying . _ 

-, • NO 2 

bactena 

(14.10a) 

bactena 

(14.10b) 

bacterial 

- — -> Ni 1 

denitnncation 

(14.11) 

sunlight , . 

-=—> green plants 

(14.12) 


14.11 Tracing Nitrogen Through Treatment Processes 

Tracing nitrogen through a hypothetical treatment plant assists in understanding the 
transformations of the various forms of nitrogen. For this purpose, nitrogen contents 
must be assumed for the raw wastewater and waste sludges. Wastewater ch^actenstics 
are assumed to be those of an average domestic wastewater as listed in a e • • ® 

nitrogen content of dry sludge solids in primary sludge is in the range ° ^ 

in waste-activated sludge is 2 %- 6 %, and that in anaerobically digeste so 1 s is 
6 %. For the subsequent calculations, the values are assumed to be 4.0% tor primary 
solids, 6.0% for activated sludge, and 4.0% for digested solids. 

Consider a conventional activated-sludge plant with pnmary 
ure 14.9 is a flow diagram listing the concentrations of 
insoluble organic nitrogen (org-N), soluble ammonia nitrogen ( 3 , s 

nitrogen (NO3-N), and total nitrogen (tN). Sedimentation ^ ® ,, 4 ^ 

to 130 mg/1 (35% removal), SS to 120 mg/1 (50% removal), and ‘N'o 30 mgA (^4% 
removal). From the sedimentation of 1 liter of wastewater, the quanUty of sludge sol 

is 120 mg of SS containing 0.04 X 120 = 5 mg/1 of org-N. c^mndarv In 

Next consider biological nitrogen removal by ® 

method presented in Section 13^2 ^ BOD of IW mg/1, is 

4 mg/ 1 . The org-N in the efflnent is 6.0* of the SS, vduch 04)6J<JO 2 mg . 

During biological metabolism in the activated-sludge process, nitrogen in the waste 
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Influent 


Primary 


BOD = 200 mg/I 
SS = 240 mg/1 

org—N = 13 mg/1 
NHj—N = 22mg/1 
NOj—N = _0mgfl 

iN = 35 mgfl 


Settled 
wastewater 

BOD* 130mg/1 
SS = 120 mg/1 

org—N= 8 mg /1 
NHj—N = 22 mg /1 
NO 3 —N=Jmg/l 

tN = 30 mg/1 


Aeration 




Primary sludge per 
liter of wastewater 

SS = 120 mg 
org—N = 5 mg 



Effluent 


Waste-activated sludge 
per liter of wastewater 

SS = 0.5 X 130 = 65 mg 
org—N = 4 mg 


Without nitrification 
Nj—N = 4 mg/1 

t 

Aeration Final r— 


BOD = 30 mg/1 
SS = 30mg/l 

org—N= 2 ing/l 
NH 3 —N = 24mg/1 
NO 3 —N = Omg/1 

tN = 26 mg/1 



org—N = 4 mg 


Effluent 

org—N = 2 mg/I 
NH 3 —N= 5 mg/1 
NO'—N = 15 mg/I 


tN = 22 rag/l 

With substantial nitrification 


Figure 14.9 Tracing nitrogen through a conventional biological treatment 
plant without nitrification and with substantial nitrification in activated-sludge 
aeration. 


ganic matter is released to solution in the form of ammonia (deamination). Therefore, 
the remainder of the 26 mg/1 of tN in the effluent is 24 mg/1 of NH^-N. 

Aeration in the activated-sludge process can induce nitrification, converting a por¬ 
tion of the NH3-N to NO3-N. The occurrence of nitrification, and the degree to which 
it proceeds, depends on the environmental and operating conditions, including tempera¬ 
ture, dissolved-oxygen concentration, and sludge age. In Fig. 14.9, the diagram with 
substantial nitrification assumes that the effluent inorganic nitrogen concentrations are 
5 mjg/l of NH3-N and 15 mg/1 of NO3-N. When the wastewater in a final clarifier 
becomes anaerobic, microorganisms can use the oxygen in the nitrate for respiration, 
releasing nitrogen gas. In this example, denitrification is assumed to release 5 mg/1 of 
Nj-N, reducing the effluent tN to 22 mg/I. 

Figure 14.9 is based on the assumption that none of the nitrogen withdrawn in the 
waste sludges is recycled to the plant in return flows. While this is possible by mechani¬ 
cal dewatering of the raw sludges, biological stabilization by either anaerobic or aerobic 
digestion releases nitrogen to supernatant returned to the plant influent. Anaerobic di- 
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gestion is likely to return 40%-50% of the org-N in the sludge solids as ammonia, 
4 mg/1 of the 9 mg/1 removed in the wastewater processing. Depending on operation, 
aerobic digestion can result in nitrogen loss through nitrification-denitrification. 

Nitrogen removal is affected by several factors; The forms and concentrations in 
Ihe raw wastewater, synthesis in aerobic treatment, nitrification-denitrification, and 
methods of sludge processing. From the scheme in Fig. 14.9, widiout nitrification and 
assuming a return of 4 mg from anaerobic digestion, the effluent tN would be 30 mg/1 
for a removal of 5/35 = 14%. With nitrification and no nitrogen return from sludge 
processing, the removal would be (35 - 22)/35 = 37%. 


14.12 Biological Nitrification 


Nitrification does not remove ammonia but converts it to the nitrate form, thereby elimi¬ 
nating problems of toxicity to fish and reducing the nitrogen oxygen demand (NOD) of 
the effluent. Ammonia oxidation to nitrate is a diphasic process performed by auto¬ 
trophic bacteria with nitrite as an intermediate product [Eq. (14.10)]. These aerobic 
reactions yield energy for metabolic functions such as synthesis of carbon dioxide into 
new cell growth. Conversion of ammonia to nitrite is the rate-luniting step that controls 
the overall reaction; therefore, nitrite concentrations normally do not build up to sign^- 
cant levels. The rate of nitrification in wastewater, being essentially linear, is a function 
of time and is independent of ammonia nitrogen concentration (zero-order kinetics). 


NH4- + I.5O2 
NO2- + O.5O2 


Nitrosomonas 


^ NO 2 - + 2H^ + H 2 O + energy 


Nitrobacter 


^ NOj- + energy 


(14.13) 


Temperature, pH, and dissolved-oxygen concentration are important parameters in 
nitrification kinetics [13]. The nitrification rate decreases by about one-half for every 
10"- 12°C temperature drop above lO^C and then decreases more rapidly in cold waste- 
water, such that lowering the temperature from 10" to 5"C halves the rate of ammoma 
oxidation. Equation (14.14) is a suggested expression of the effect of temperatoe on the 
maximum growth rate of Nitrosomonas over a range of 5 -30 C (41 -86 F) [ 


liere 

fXf^ = maximum specific growth rate of Nitrosomonas, d ‘ 
e = base of Napierian logarithms, 2.718 
T = temperature, "C 

ased on temperature alone, a winter aeration period would have to be 
nger than in the summer; however, this seasonal effect can ® 
icreasing mixed-liquor suspended solids (MLSS) and adjusting p o 
vel 

The optimum pH for nitrification is appmxhnately 8.0. 
burring at 7.5 and 8.5, and less flian 50% of die opttmnm below 

he percent of maximum rate of nitrification versus pH o e CTStems nlotted 

on tank is graphed in Fig. 14.10 with data from a variety of operating systems plotted 

s circles [13]. 
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Figure 14.10 Rate of nitrification relative to maximum rate 
versus pH of the mixed liquor. [From: Manual for Nitrogen 
Control, Environmental Protection Agency, EPA/625/R-93/ 
010 (September 1993): 93.) 


No detectable inhibition of nitrification occurs at dissolved-oxygen levels above 
1.0 mg/1. Nevertheless, a minimum dissolved-oxygen level of 2.0 mg/1 is recommended 
in practice to prevent reduced nitrification during the passage of peak ammonia concen¬ 
trations through the aeration tank. 

Sludge age and temperature are interrelated factors in establishing and maintaining 
healthy nitrifier populations essential to efficient ammonia oxidation. In continuous- 
flow aeration systems, a long sludge age is required to prevent excessive loss of viable 
bacteria (i.e., the growth rate must be rapid enough to replace microbes lost through 
sludge wasting and washout in the plant effluent). The supply of organic matter controls 
the growth of heterotrophic organisms, while the quantity of ammonia applied governs 
synthesis of nitrifiers. Increased sludge wasting, as a result of organic loading, reduces 
the sludge retention time and removes both heterotrophs and nitrifiers from the system. 
On a substrate of domestic waste having a BOD/total nitrogen ratio of approximately 
200 mg/1 to 35 mg/1, growth rates of nitrifying bacteria are substantially lower than 
those of decomposers. Therefore, in activated-sludge processes under normal operating 
conditions, nitrification is limited because of loss of the autotrophic populations. For 
performance reliability, current design for biological nitrification in cool wastewater 
requires two-step treatment. The first stage reduces BOD without oxidation of the 
ammonia-nitrogen to produce an effluent having a lower BOD/ammonia ratio about 
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40 mg/1 to 25 mg/1. Applying this flow to a second-stage nitrification unit provides an 
adequate growth potential for nitrifiers relative to heterotrophs, since the system can be 
operated at an increased sludge age. 

The relative reproduction rates of heterotrophic and nitrifying bacteria are also 
influenced to a measurable extent by temperature. In southern climates, nitrification 
may be possible in a single-stage extended aeration unit treating domestic waste if 
pH and sludge wasting are carefully controlled to compensate for the relatively high 
BOD/ammonia N feed. However, winter wastewater temperature in northern states is 
often lO^-lS^C, requiring a two-stage system with the best combination of aeration 
tank capacity, MLSS concentration, and pH control. Operation is possible at a less fa¬ 
vorable pH level and lower mixed-liquor solids at a warm temperature provided the first 
itage is properly controlled. If nitrification is allowed to occur in carbonaceous aeration, 
the reduced ammonia supply to the secondary leads to starving the nitrifier populations. 
The sludge age, rate of recirculation, and air supply can be adjusted to minimize am¬ 
monia oxidation in the first stage; nevertheless, provision for chlorinating the effluent 
of the aeration tank prior to clarification is recommended in design. The addition of 
2-8 mg/1 of chlorine is effective in inhibiting nitrifying bacteria and can also help con¬ 
trol sludge bulking caused by denitrification in the carbonaceous-phase clarifier. 


Nitrification in Activated-Sludge Systems 

The following mathematical equations apply to nitrification in completely mixed acti¬ 
vated-sludge systems based on the relationship by Monod [Eq. (12.25), Section 12.6]. 
The Nitrosomonas growth is limited by the concentration of ammonium ion, while Ni- 
trobacter growth is limited by the concentration of nitrite. Since nitrite does not accu¬ 
mulate, the rate-limiting step is modeled after Nitrosomonas as follows. 


N 


(14.15) 


where 

IXn — specific growth rate of d 

/Ct/v = maximum specific growth rate of Nitrosomonas 
(at a growth-limiting concentration of NHi-N 
at or above saturation), d"‘ 

N = concentration of growth-limiting NHj-N, mg/I 
= saturation constant (equal to the limiting NHj—N 

concentration at one-half the maximum growth rate), mg/l 

Although reported valui 
range of values imply that 
for design purposes [13]. 
limited by the dissolved-ox 
tank. The specific growth r 
on Fig. 14.10. 


f the low value of the saturation constant and reported 
i'ng a value of 1.0 mg/l NH.,-N should be acceptable 
•quation assumes that the specific growth rate ts not 
mncentratlon or pH of the mixed liquor in the aeration 
__ K, .aiusted for the uH of the mixed liquor based 
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At steady state, the solids leaving the aeration system equal new solids production. 
Therefore, the growth rate and solids retention time of the nitrifiers are related by the 
following equation: 


where 


dr = 


1 




( 14 . 16 ) 


9, = mean cell residence time, d 
/U.N = specific growth rate of d"' 

bn = endogenous decay coefficient for d’' 

fi'n = net specific growth rate of d“' 


With nitrifying bacteria, is considered to be negligible (i.e., - 0), thus the/ij, 

equals /x'n. Mean cell residence time is the sludge age calculated using MLVSS in the 
aeration tank and VSS in the effluent and waste sludge [Eq. (12.60), Section 12.19], 

The calculated mean cell residence time is a theoretical value based on steady-state 
conditions at minimum solids retention time with ideal conditions for growth of nitri¬ 
fying bacteria. Peaking factors are applied to reflect anticipated field conditions. Com¬ 
pensating for peak flow conditions is important because of potential short-circuiting in 
the aeration tank and loss of suspended solids in the clarifier overflow. If the influent is 
not equalized, the calculated 9, should be increased by a peaking factor of 1.2-1.6, 
depending on the peak hourly flow and aeration period. An extended aeration period 
of 12-24 hr can absorb a peak diurnal flow better than a conventional aeration pe¬ 
riod of 5-7 hr. In addition, if average annual wastewater flow is used to calculate the 
value should be further increased to represent the average during the peak month (Sec¬ 
tion 12.10). The commonly assumed peaking factors for maximum-month design for 
nitrification are 1.5 for flow and 1.2 for total nitrogen during peak diurnal flow for a 
total multiplier of 1.8 [ 13]. 

Design engineers may apply a safety factor to 0^ after adjustment with peaking 
factors to compensate for uncertainty in performance, such as unknown variations in 
temperature, ammonia concentration, dissolved-oxygen concentration, pH, and inhibit¬ 
ing substances. The safety factor may be 1.5 or greater. The selection depends primarily 
on reliability of the data used in design from laboratory tests and plant operational 
records. 


■ EXAMPLE 14.4 An activated-sludge plant with primary clarification has two com¬ 
pletely mixed aeration tanks with a total volume of 1.50 mil gal. The wastewater ch^- 
acteristics are similar to those listed in Fig. 14.9 without nitrification. When parti^ 
nitrification does occur and results in floating solids on the final clarifiers from denitn- 
fication, the air supply is reduced to inhibit the nitrification. Because of potential toxic¬ 
ity to aquatic life in the receiving stream during low flow, the department of natural 
resources is initiating a study to determine the feasibility of nitrification in the activated- 
sludge process. Substantial nitrification as characterized in Fig. 14.9 would be satisfac¬ 
tory since the remaining 5 mg/I of ammonia nitrogen would be sufficiently diluted m 
the mixing zone of the stream even at the one-in-ten-year low flow. Unfortunately, full* 
scale nitrification cannot be evaluated because the capacity of existing diffused aeration 
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was designed for only BOD oxidation and the plant is already at 70% of the 5.0-mgd 
design capacity. Installation of additional aeration capacity is too costly to conduct full- 
scale nitrification tests. The plant design capacity is 5.0 mgd based on the average flow 
during the maximum month. By extrapolating existing performance from plant records, 
the data for nitrification calculations are given below for the critical summer month with 
maximum wastewater flow and the critical winter month with minimum temperature of 
the mixed liquor. 


Parameter 

Summer 

Winter 

Influent wastewater flow, mgd 

5:0 

4.2 

Aeration period, hr 

7.2 

8.6 

Influent wastewater characteristics as given in Fig. 14.9 

Effluent characteristics with substantial nitrification. Fig. 14.9 

Effluent volatile suspended solids, mg/1 

20 

20 

Activated-sludge operation 

MLSS, mg/1 

2000 

2000 

MLVSS, mg/1 

1400 

1400 

Minimum dissolved oxygen, mg/1 

1.0 

1.0 

Minimum pH 

6.8 

6.8 

Average temperature, °C 

17 

10 

Waste-activated sludge 

Quantity, mgd 

0.026 

0.031 

Solids concentration, mg/1 

8200 

9500 


Solution: 

Calculations of mean cell residence times in activated-sludge 
operations using Eq. (f 2.60) based on MLVSS and VSS 

1400 X 1.50 _ A 

Summer: = 20 X 3.0 + 8200 X 0.026 “ 

1400 X 1.50 _ c ic .4 

= 20 X 4.2 + 9500 X 0.031 

Calculations of mean cell residence times for nitrification 

Using Eq. (14.14), 

Summer: Aat = = 0.572 d- 

Winter: = 0.47^«“®«'‘“-'5‘ = 0.288 d" 

Using Eq. (14.15), 

= 0.572[5.0/(1.0 + 5.0)1 = 0.477 d"' 

= 0.288[5.0/(1.0 + 5.0)] = 0.240 d"' 


Summer: 

Winter: 
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Correcting for a pH of 6.8 using Fig. 14.10, 

Summer: = 0.477 X 0.71 = 0.339 

Winter: = 0.240 X 0.71 = 0.170 d-' 

Using Eq. (14.16), 

Summer: 6, = 1/0.339 = 2.95 d with steady-state flow 

Winter: 6, = 1/0.170 = 5.88 d with steady-state flow 

The assumed peaking factor to compensate for diurnal flow is assumed to be 1.4; 
therefore. 

Summer: 0, - 1.4 X 2.95 = 4.1 d with diurnal flow 
Winter: 6, = \A X 5.88 = 8.2 d with diurnal flow 

Conclusion 

Comparing 6, values required for nitrification with 0, based on operation, nitrification 
could be achieved in the summer (6.7 d > 4.1 d) but not in the winter (5.6 d < 8.2(1) 
because of the cooler mixed-liquor temperature. Although an increase in MLVSS to a 
maximum of 2100 mg/1 would increase the mean cell residence time to 8.3 d, this is 
still barely sufficient and may result in increa.sed suspended solids in the effluent above 
the 30 mg/1 limit. Also, the calculated values for nitrification include a peaking factor 
to compensate for diurnal flow variation, but no safely factor was applied for uncertainty 
in performance at design flow. The recommendation, if nitrification is necessary, is to 
consider construction of a second-stage aeration system for nitrification. • 

Nitrification by Second-Stage Suspended-Growth Aeration 

Theoretical mathematical equations for nitrification by second-stage suspended-growth 
systems have been developed [13]. Nevertheless, kinetics models for plug-flow reactors 
(rather than complete mixing) have not been substantiated sufficiently for reliableusem 
design. Engineers rely on empirical data from existing systems with similar environ¬ 
ments to design new systems and records of performance to expand existing systems. 
The following discussion is based on empirical data collected from laboratory and field 
studies in the early development of design criteria for nitrification [14]. The ophimi® 
aeration tank is either a long, narrow tank with diffused aeration or a shorter tank divided 
into a series of at least three compartments for diffused or mechanical aeration equip¬ 
ment, with intervening ports (Fig. 14.11). This tank configuration simulates plug 
compatible with the zero-order kinetics of ammonia oxidation. 

Biological nitrification destroys alkalinity, which can result in a drop of pH when 
processing wastewaters of moderate hardness, or where alum precipitation has been 
used for phosphate removal in the preceding activated-sludge phase. Theoretic yi 
7.2 lb of alkalinity is destroyed per pound of ammonia nitrogen oxidized to nitrate, as 
follows: 

2NH4HCO3 + 4O2 + Ca(HC03)2 = Ca(N03)2 + 4CO2 + 6H2O ( 14 * 1 '^) 
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Influent 



Figure 14.11 Flow diagram for nitrification by diffused or 
mechanical aeration of wastewater following conventional biological 
treatment. 


Whether pH should be controlled by chemical addition depends on the rate of 
nitrification desired, as limited by other environmental conditions. For example, in op¬ 
eration at low temperature, lime can be applied to maintain oxidation efficiency for the 
aeration tank capacity available. New plant design should provide for installation of 
chemical feeders and instrumentation for monitoring pH in the aeration basin. 

The recommended design mixed-liquor concentration for a nitrification process re¬ 
ceiving normal secondary effluent is in the range 1500-2000 mg/I of volatile suspended 
solids. Mean cell residence time must be longer than in a carbonaceous activated-sludge 
process, greater than 7 days. 

Loading on nitrification basins is expressed in units of lb ammonia N/1000 ft Vday 
of aeration tank volume. Figure 14.12 shows recommended loadings for various tem¬ 
peratures and volatile mixed-liquor concentrations (MLVSS) at optimum pH, based on 
studies at Marlboro, Massachusetts. Corrections for permissible loadings at pH values 
other than optimum can be taken from Fig. 14.10. The value selected for design loading 
should include a factor to allow for reasonable peaking of the influent ammonia content. 
A commonly adopted peak loading is 1.2— 1.6 times the average daily nitrogen load 
under low-temperature conditions. 

Stoichiometrically, nitrification of 1.0 lb of ammonia N in the form of ammonium 
bicarbonate requires 4.6 lb of oxygen [Eq. (14.17)]; however, additional oxygen allow¬ 
ance must be made for carbonaceous BOD carried over to the nitrification stage. A 
dissolved oxygen concentration of 3.0 mg/1 in the mixed liquor is suggested under av¬ 
erage loading conditions with a lower concentration permitted during peak loads, but 
not below 1.0 mg/1. 

Suggested design criteria for final clarifiers following nitrification are an overflow 
rate of 400-500 gpd/ft^ (16-20 mVm^-d) based on average daily discharge, with a 
maximum permissible value of 1000 gpd/ft^ (41 mVm^-d) at peak hourly flow, and a 
side-water depth of at least 10 ft (3.0 m). Because of the relatively slow settling veloci¬ 
ties of nitrifying sludges, more than two clarifiers are desirable to ensure satisfactory 
operation when one tank is out of service for maintenance. Hydraulic-type collector 
arms are recommended for rapid sludge return because denitrification can occur in 
settled sludge, creating problems of floating solids. When present, the float should be 
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Temperature (°C) 

Figure 14.12 Permissible nitrification-tank loadings at an 
optimum pH of 8.4. [From Nitrificotion and Denitrification 
Facilities, Environmental Protection Agency, Technology 
Transfer (August 1973): 22.) 


collected by skimmers and returned to the aeration basins. A desirable capacity for 
sludge recirculation pumps is 100% of the raw wastewater influent, although nonnal 
operation will probably be at a rate of only 50% return. Accumulation of biological floe 
is limited by the low organic loading and slow growth of nitrifying bacteria. Conse 
quently, the volume of excess sludge produced is small, with a reasonable estimate being 
less than 1% of the quantity of wastewater processed. 

■ EXAMPLE 14.5 Calculate the aeration basin volume for suspended-growA 
cation following conventional secondary treatment. The wastewater characteristics are 
the following; 
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average daily design flow =10 mgd 
ammonia nitrogen = 20 mg /1 
BOD = 40 mg/I 

minimum operating temperature = 10“C 
operating pH = 7.2 


Solution: 


design volatile MLSS = 1500 mg/I 


average ammonia load = 10 X 20 X 8.34 = 1670 Ib/day of N 


maximum ammonia load = 1.5 X 1670 = 2500 Ib/day of N 


Permissible .nitrification tank loading from Fig. 14.12 for a temperature of 10“C 
and 1500 mg/1 of MLVSS is 8.1 lb of NH3-N/IOOO ftVday. Correcting this to a pH of 
7.2 using Fig. 14.10, the allowable loading is 8.1 X 0.88 = 7.1 Ib/lOOO ftVday. 

aeration basin volume = 2500 ~ ^^^’^^0 ft^ 


resulting aeration period = 


350,000 X 7.48 X 24 

10,000,000 


= 6.3 hr 


BOD load on aeration basin = 10 X 40 X 8.34 — 2300 Ib/day 

The oxygen uptake using 4.6 lb of 02 /lb of NH 3 -N and 1.0 lb of Os/lb of BOD is 
2500 X 4.6 + 2300 X 1.0 = 13,800 Ib/day. ■ 


14.13 Biological Denitrification 

Nitrite and nitrate are bacterially reduced to gaseous nitrogen by a variety of facultative 
heterotrophs in an anoxic (lacking oxygen) environment. An organic carbon source, 
such as acetic acid, ethanol, methanol, or organic matter, is needed to act as a hydrogen 
donor (oxygen acceptor) and to supply carbon for biological synthesis. Certain auto¬ 
trophic bacteria are also capable of denitrification by oxidizing an inorganic compound 
for energy and using carbon dioxide for synthesis. Although denitrification is considered 
an anoxic process because it occurs in the absence of dissolved oxygen, strict anaero 
biosis characterized by hydrogen sulfide and methane production is not necessary. 

Methanol is the preferred carbon source because it is the least expensive synthetic 
compound available that can be applied without leaving a residual BOD in the process 
effluent—but this does not imply that methanol treatment is cheap. IntroducUon of 
methanol first reduces the dissolved oxygen present by Eq. (14.18); then biological re¬ 
duction of nitrate and nitrite occurs [Eqs. (14.19 and (14.2Q)]. 

3 O 2 + 2CH.,OH = 2 CO 2 T + 4 H 2 O 
6 NO.r + 5 CH 3 OH = 3 N 2 T + 5 CO 2 T + 7 H 2 O + 60H- 
2N02“ + CH 3 OH = Njt + COjt + H 2 O + 20H 


(14.18) 

(14.19) 

(14.20) 
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From these reactions, the amount of methanol required as a hydrogen donor for com¬ 
plete denitrification is 

CHjOH = 0.7DO + I.INO 2 -N + 2.0NOi-N (14.21) 

where 

CH 3 OH = methanol, mg/1 

DO = dissolved oxygen, mg/1 
NO 2 -N = nitrite nitrogen, mg /1 
NO 3 -N = nitrate nitrogen, mg/1 

Approximately 30% excess methanol feed is needed for synthesis; hence chemical con¬ 
sumption to satisfy both energy and synthesis can be estimated from the relationship 

CH 3 OH = 0.9DO + I. 5 NO 2 -N + 2 . 5 NO 3 -N (14.22) 

The optimum pH falls in the same range as for most heterotrophic bacteria (be¬ 
tween 6.5 and 7.5), with the rate decreasing to about 80% of maximum when the pH is 
lowered to 6.1 or raised to 7.9. Nitrified wastewaters, which tend to be basic, are natu¬ 
rally controlled from excessively high pH by carbon dioxide generated in a denitrifi¬ 
cation unit; thus there appears to be no need for addition of chemicals to control pH 
in actual systems. The effect of temperature on the rate of denitrification is sketched in 
Fig. 14.13 [15]. 

Denitrification by Suspended-Growth Systems 

The kinetics of biological denitrification using a chemical carbon source have been de¬ 
veloped based on the Monod model. Presentation of the mathematical equations are in 
the Manual for Nitrogen Control [ 13J. As few installations perform denitrification using 
a chemical like methanol because of high cost, limited operational data are available to 
calibrate the models. In engineering practice, design of denitrification processes is 
founded on empiricism, and this discussion is based on studies conducted on biological 
denitrification processes [15]. 

The process studied most extensively consists of a completed mixed tank followed 
by a clarifier for sludge separation and return (Fig. 14.14). Although a single, mixed 
chamber is common in laboratory studies, plug flow minimizes short-circuiting and be¬ 
comes more suitable for the relatively short detention period of 2-3 hr required. Under¬ 
water stirrers, comparable to those used in waterworks flocculation tanks, or impeller 
mixers stir the contents sufficiently to keep microbial floe in suspension without produc¬ 
ing undue aeration. A power supply in the range of 1 hp for each 2000-4000 ft^ of tank 
volume appears to be adequate. Whether tanks should be covered to minimize absorp¬ 
tion of oxygen is a matter of conjecture, but certainly airtight covers should be avoided. 

Denitrification reactions form carbon dioxide and nitrogen gas bubbles that inhibit 
gravity settling by adhering to the biological floe. Supersaturation of the mixed liquor 
with gases can be relieved by short-term aeration of 20-60 min in an open channel or 
tank between the denitrification basin and the final clarifier. The settleability of sludge 
solids following this air stripping appears to be similar to that of other biological 
sludges. Recommended clarifier depths and overflow rates are the same as those sug¬ 
gested for final settling tanks following the nitrification process. Basins should be 




Methanol 



Figu?rr4.H Flowdiagramfbraconipletelyraixed,compartmented 
denitrification basin and clarifier. 
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Figure 14.15 Permissible denitrification tank loadings in the 
pH range 6.5-7.5. (From Nitrification and Denitrification 
Facilities. Environmental Protection Agency, Technology Transfer 
(August 1975): 30.] 


equipped with rapid-sludge-return collector arms and skimming devices. A sludge re¬ 
circulation capacity equal to the average wastewater flow is recommended, and scum 
may be returned to the denitrification tank or routed to disposal. Withdrawal of excess 
microbial solids, to keep the biological system in balance, ranges from 0.2 to 0.3 Ib/lb 
of methanol applied. 

The volumetric capacity needed for denitrification can be estimated using 
Fig. 14.15, which is based on pilot-plant studies. Denitrifying sludges after degasifica¬ 
tion have good settling characteristics, allowing design mixed-liquor solids of 2000- 
3000 mg/1 that are approximately 65% volatile. 


Nitrification-Denitrification 

A two-stage system composed of the units illustrated in Figs. 14.11 and 14.14, following 
secondary biological treatment, can achieve about 90% inorganic nitrogen reduction and 
80%-85% total nitrogen removal under normal operating conditions. The biological 
cultures performing ammonia oxidation are more sensitive to heavy metals and organic 
toxins than conventional activated sludge. Therefore, industrial wastes discharged to 



14.14 Single-Sludge Biological Nitrification-Denitnfication 765 


municipal sewers must be carefully monitored and necessary controls established to 
ensure that the nitrifying microorganisms are not inhibited. 


■ EXAMPLE 14.6 Based on the following data, calculate the volume needed for 
suspended-growth denitrification. 

average daily design flow =10 mgd 

nitrate nitrogen = 20 mg/1 of N 

dissolved oxygen = 8 mg/1 

minimum operating temperature = S^C 

operating pH = 7.8 

design volatile MLSS = 2000 mg/1 


Solution: 

average nitrate load = 10 X 20 X 8.34 = 1670 Ib/day of N 

maximum nitrate load = 1.5 X 1670 = 2500 Ib/day of N 

Permissible denitrification tank loading from Fig. 14.15 for a temperature of 8°C 
and 2000 mg/1 is 20 lb of NO^-N/IOOO ftVday. Correcting this to a pH of 7.8, the 
allowable loading is 20 X 0.9 = 18 Ib/lOOO ftVday. 

denitrification basin volume = 2500= 140,000 

140,000 X 7.48 X 24 _ ^ ^ 
resulting detention time - lO 000,000 

The average methanol dosage for 8 mg/1 of DO and 20 mg/1 of NO,-N, from 
Eq. (14.22), is 

CH3OH = 0.9 X 8 + 2.5 X 20 = 57 mg/1 ■ 


14.14 Single-Sludge Biological Nitrification -Denitrification 

Single-sludge systems for nitrogen removal combine BOD ^ 

tion, and nitrate reduction within the same activated-sludge 

lication [13]. Rather than supplying methanol as a carhon ^ Althwgh 

matter in the wastewater is used as 

Single-stage processes have varying flow patterns, y jp„:trification 

cation and anoxic zones (zones WeSSirculation with raw waste- 

The single anoxm zone shown m Fig. 1. ,io„ [ge aerobic zone. Both 

water for denitrification in the anoxic zone an nrovides the oxygen 

zones reduce the BOD content of the wastewater, e ^ aerobic zone, the BOD 
in nitrate for biological respiration, releasing nitrogen g ■ ^ ^ nitrogen is 

israducedbynticrobialuptalraof^^ 

converted to nitrate. Since only that nitrate r 
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Alternative recirculation 



Return sludge and recirculation flow (NO3), Qj? 


Figure 14.16 Biological nitrification-denitrification by 
recirculation of return sludge for blending with raw wastewater 
before flow through an anoxic zone and subsequent aerobic zone. 


the degree of nitrogen removal is limited by the rate of recirculation and the nitrate 
respiration achievable in the anoxic zone. Ideally, with high recirculation and efficient 
denitrification in the anoxic zone, nitrogen removal could be 70%-80% in processing 
domestic wastewater [16]. In reality, the removal is more likely to be about 50% for 
operational reasons. For instance, the recirculation flow cannot reduce excessively the 
hydraulic detention time in the nitrification-denitrification process. The relative con¬ 
centrations of BOD and nitrogen also influence the efficiency of nitrogen removal since 
the oxygen demand of the wastewater controls the rate and extent of microbial nitrate 
respiration. A reduction of 1 mg/1 of NO,-N theoretically satisfies 3.4 mg/1 of BOD, 
which is the oxygen/nitrogen ratio in nitrate. 


Nitrification-Denitrification in a Plug-Flow Process 

Nitrification-denitrification by modifying a plug-flow activated-sludge process was 
.studied by the Water Research Centre, Great Britain [ 17j. The laboratory units, illus¬ 
trated schematically in Fig. 14.17, had a series of four completely mixed reactors to 
simulate plug flow in an aeration tank and to allow isolation of an anoxic zone. The 
influent was a settled municipal wastewater with an average BOD of 240 mg/1 and total 
nitrogen of approximately 75 mg/1. Operating parameters are listed on the diagrams. 
The nitrogen concentrations are expressed as percentages of the total influent nitrogen. 

Figure 14.17(a) is the flow scheme and nitrogen data for operation as a normal 
activated-sludge process. A mass balance based on measurements of nitrogen in the 
influent, effluent, and waste sludge showed an unaccountable loss of 14%. This was 
assumed to result from nitrate respiration in the final clarifier, resulting in denitrification. 
Total nitrogen removal was 33% (100 to 67), with 93% of the effluent nitrogen in the 
form of nitrate. 

Figure 14.17(b) is the flow scheme and nitrogen data for operation as an activated- 
sludge process with denitrification. The first reactor was converted to an anoxic zone by 
replacing the air supply with a stirrer to blend the wastewater influent with the return 
activated sludge. The total nitrogen removed averaged 59% (100 to 41), and the nitrate 
content in the effluent was 40% less than during normal operation ([(62 - 37)/62] X 
100 = 40%). 

Following these laboratory studies, a full-scale research project was undertaken at 
the Rye Meads wastewater plant, Thames Water Authority, Great Britain [17, 18 ]. The 
plug-flow aeration tanks were modified to provide anoxic zones for denitrification. The 
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Influent 


.-e- l. 

H— —II—II— 


BOD = 240 mg/l 


org-N = 25% 
NH 3 -N= 75% 
NO 3 -N = 0% 

tN = -100% 


Four aerated reactors in series 

Return activated sludge 

- 

Waste sludge 



Effluent 


Clarifier 


N 2 -N = 14% 



F/M = 0.1 lib BOD/day/lb MLSS 
MLSS = 4850 mg/l, r= I0“C 
f = 10.8 hr based on Q 

Qr =Q 


org-N = 5% 
NH3-N= 0% 
N03-N = 62% 

tN = 67% 


oig-N = 16% 


(a) 


Influent 




Three aerated reactors 
Return activated sludge 


Anoxic 

reactor 



Effluent 


Clarifier 


Waste sludge 
N 2 -N = 21% 


N 2 -N = 14% 



BOD = 240 mg/l 


org-N = 25% 
NH 3 -N= 75% 
NO 3 -N = 0% 

tN = 100% 


F/M = 0.12 lb BOD/day/lb MLSS 
MLSS * 4500 mg/l, T~ 10®C 
Anoxic t = 2.7 hr based on Q 
Aerobic r = 8.2 hr based on Q 

Qr=Q __ 


T 


org-N = 24% 


(b) 


org-N = 4% 
NH3^= 0% 
N03-N= 37% 

tN = 41% 


Fiaiirp 14 17 Flow schemes and average nitrogen amounts as 
percentages of influent nitrogen from 
activated-sludge process with nitrification ^ 

sludge process with nitrification-denitrification 1 1 /J. 


arrangements of anoxic zones and wastewater feed are Unit 1 was 

aeration tank received a settled wasBwater flow of to, „« 

modified to create a mechanically stirred lavatory (Fig 14.17). Unit 2 was 

of the tank; this was the same process tested '"^"^J^as obtained by reduced 

die same arrangement except tha ” Two-thirds of the air diffusers had been 

aeration rather than by mechanical stirring. 
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Return activated sludge 



Plug-flow activated-sludge tanks Clarifiers 

Figure 14.18 Modified activated-sludge arrangements tested for 
nitrification-denitrification efficiency at the Rye Meads wastewater 
plant, Thames Water Authority. Great Britain, Shaded areas; anoxic 
zones; unshaded rectangles: aerobic zones. 


removed from this section of the tank. Nitrate reductions in the.se units relative to normal 
activated-sludge processing were both in the range of 47%-49%. 

Units 3 and 4, depicted in Fig. 14,18, were placed into operation with two anoxic 
/ones, each one-eighth of the tank length, separated by an aerobic zone. The anoxic 
zones were mixed by reduced aeration with three-quarters of the dilTusers removed. As 
in previous .schemes, the first anoxic zone was to reduce nitrate in the return activated 
sludge. The purpose of the second anoxic zone was to increase denitrification efficiency 
by nitrate respiration of the influent ammonia oxidized in the immediately preceding 
aerobic zone. Unit 3, when operated with all of the wastewater entering at the inlet of 
the tank, did not achieve any greater denitrification than did units 1 and 2. This was 
attributed to difficulty in achieving an anoxic condition in the second zone. In the opera¬ 
tion of unit 4, anoxia was created in the second zone by applying 40% of the influent 
wastewater directly to the head of this zone. Under these operating conditions, the nitrate 
removal was 54% greater than normal activated-sludge treatment, which is approxi¬ 
mately 6% greater than the removals in units 1 and 2. Denitrification was expected to be 
greater than the ob.served 54%. Based on subsequent laboratory testing, the process with 
dual anoxic zones—which were mechanically stirred—achieved up to 70% nitrate re¬ 
duction using a similar mode of operation. Apparently, mixing the anoxic zone with 
diffused air limited nitrate respiration. 

After the field studies at Rye Meads, the Water Research Centre, Great Britain, 
conducted a laboratory investigation to evaluate the use of dual anoxic zones in a modi¬ 
fied activated-sludge process [18], As shown in Fig. 14.19, the laboratory system con¬ 
sisted of a series of eight equal-sized compartments followed by a clarifier. Underflow 
from the final clarifier was returned to the first reactor, and the first and fifth compart¬ 
ments were stirred anoxic reactors receiving influent wastewater. A second laboratory 
system with eight aerated compartments (no anoxic zones) was operated as a control 
unit to determine the effluent nitrate concentrations processed by a normal activated- 
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Influent, Q 

BOD = 296 mg/1 

org-N = 22 mg/1 
NH 3 -N= 47 mg/1 


Effluent 
BOD = 10 mg/i 

org-N = 3nig/l 
NH 3 -N = 1 mg/1 
N 03 -N= 12 mg/l 


tN = 69 mg/1 tN - 16 mg /1 



Figure 14.19 Flow scheme of the laboratory-scale 
modified activated-sludge system tested for nitrification- 
denitrification efficiency using two anoxic zones. The 
division of flow between anoxic zones and nitrogen 
concentrations in the effluent is given for optimurn 
denitrification based on the listed operating conditions. 


sludge process. In a series of test runs the proportions of wastewater applied to the 
compartment were 0%, 30%, 35%, 40%, and 50% of the influent. At ^to ^ 

second anoxic zone, only the nitrate in the return activated slu ge was eni n e 
reduction of 41% of the oxidized nitrogen in the effluent. Anoxta m the 
was inadequate to produce significant denitrification. At a 30 % feed rate *e 
age of uitL removal incmased to 52%. When 35%-40% of the 

to the second anoxic zone, the degree of denitrification increase o ' ’ .j 

part of the nitrate produced from the wastewater fed to 

Ue second. The^perating conditions and wa.^^^^^ 

to the second zone are given in Fig. 14.19. (The normal aciivaicu ^ s 

the control unit contained 40 mg/I of NO,-N as compared to 12 

process.) A, a 50% feed rate to the second zone, the performance 

nitrate reduction since insufficient BOD was applied to the first anoxic zone sat y 

" ™ 

»<,. .ijii. uoa ...w 

was doubled, so Qr = 2Q. The measurea luu mnducted with a 

ent nitrate was being returned for denitrification, e sec ^ sludge 

«l%-40% division of influent between the first “cond was 

recycle of 2Q. Compared even this’ was really a false value 

77% with an effluent mtrate level of 9^ ^ h ^ ^ 

because the effluent contained 4 mg/1 of NH 3 s 
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previous tests. Thus, the nitrate reduction relative to the other tests should be considered 
to be approximately 70%. The additional ammonia nitrogen appeared in the effluent 
since the detention times in the aerobic zones were too short to achieve complete 
nitrification. 

Nitrification-Denitrification in a Closed-Loop Process 

Closed-loop activated-sludge processes are commonly referred to as the oxidation ditch 
process (Fig. 12.36) or the Carrousel® process (Fig. 12.37), which are described in 
Section 12.21. These extended-aeration processes are usually installed in small and 
medium-sized plants because of reliable performance, ease of operation, and mi nimal 
maintenance. 

Most closed-loop activated-sludge plants are designed for an aeration period of 
20-30 hr and sludge age in excess of 20 days with actual operation at 25-35 days. If 
the wastewater temperature is warm, greater than lO^C, nitrification is likely to exceed 
90%. In fact, significant nitrification cannot be prevented if aeration maintains an ade¬ 
quate dissolved-oxygen concentration in the mixed liquor. The rate of nitrification can 
be reduced if the mixed liquor temperature drops below about 10°C from the cooling 
effect of mechanical-aerator operation in cold air. 

Significant biological denitrification is possible by proper operational control of an 
oxidation ditch or Carrousel® process, as illustrated in Fig. 14.20. By controlling the 
rate of aeration, the aerobic zone along the channel can be shortened to create an anoxic 
zone before the mixed liquor recirculates back to the aerator. A dissolved-oxygen sensor 
located downstream from the aerator is used to monitor the concentration and control 
the aerator. Therefore, as the mechanical aerator propels the mixed liquor around the 
channel, the first section is aerobic enough for nitrification and the return section suffi¬ 
ciently anoxic for denitrification as the activated sludge takes up the oxygen bound in 
nitrate to satisfy wastewater BOD. Total nitrogen removal in the range of 50%-70%is 
possible. 

Biological nitrification-denitrification can be improved by adding anoxic tanks 
with mechanical stirrers to the oxidation process, as illustrated in Fig. 14.21. Return 


Raw wastewater 



Figure 14.20 Schematic diagram of a Carrousel® system 
operating as an extended-aeration process with concurrent 
nitrification and denitrification. 
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Influent 



Figure 14.21 Biological nitrification-denitrification in a closed-loop 
reactor (oxidation ditch) with three anoxic tanks to blend raw wastewater 
with return sludge and recycled mixed liquor from the aeratiori tank for 
reduction of nitrate to nitrogen gas. (Courtesy of Lakeside Equipment 
Corporation.) 


activated sludge from the final clarifiers and recycled mixed liquor are blended with the 
raw wastewater influent. BOD in the organic matter takes up oxygen from nitr^e recir 
culating in the mixed liquors to release nitrogen gas. Nitrogen removals up to 90% are 
possible with proper environmental conditions of temperature, pH, and dissolved oxy¬ 
gen, operation with a long sludge age, and wastewater with a high enough BOD-to- 
nitrogen ratio that the oxygen demand available is sufficient to take up e oxygen in 
oxidized nitrogen. 


WATER REUSE 

n,e major reuse of processed wastewater is for “ 

about 60% of the total. The second largest reuse, accounting for W™" J^cedto 

for industrial cooling and process waters. Since the pu ic is ^ 

these reused waters, high-quality biological processmg with “ 

faction is often considered satisfactory treatment, „"SiSe 

than 10% of the total, is for urban landscape .mgatton 

through surface percolation. For these applicattons, control 

entering the sewer system and tertiary tmatment for a 

removal and disinfection for virus inactivation are fo. 

Dilution with surface water and dispersion of seepage m g 

reducing the concentrations of refractory contaminants. ^lirect injection through 

A sLl fraction of g«.undwater recharge is perfo^*^^^^^^^ 

wells to recharge groundwater aquife or 

intrusion of saltwater from the ocean. Be J 
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groundwater supplies, the wastewater is reclaimed to meet drinking water standards. 
This is the highest degree of water reclamation required in the United States, since direct 
potable reuse is not recommended. 


14.15 Water Quality and Reuse Applications 

Protection of public health is the primary concern in establishing water-quality stan¬ 
dards for reuse. Important environmental considerations are protection of groundwater, 
soils, and crops. In establishing standards, consideration must be given to the economics 
of integrating wastewater treatment with the reuse application. For example, a properly 
designed agricultural irrigation system restricted to fodder, fiber, and seed crops can 
reuse conventionally treated wastewater without health or environmental risks. In con¬ 
trast, surface infiltration of wastewater, whether planned or unintentional, can result in 
significant deterioration of groundwater quality unless the groundwater in storage pro¬ 
vides abundant dilution or the infiltration water is treated to drinking water quality. 

Guidelines for Water Reuse 

Many states have regulations specifying water quality requirements, treatment processes, 
or both for defined reuse applications. Though beneficial reuse encourages conservation 
of water resources, the complementary intent is often to provide a disposal alternative to 
discharge in surface waters or in the absence of suitable surface waters for disposal. 

The guidelines for water reuse in Table 14.3 recommend treatment, reclaimed water 
quality, and reclaimed water monitoring for municipal wastewaters [19]. Since water 
reclamation and reuse standards are the responsibility of state agencies, the guidelines 
are based on practices in the states and are not standards proposed by the Environmental 
Protection Agency. The Manual of Guidelines for Water Reuse assembles data to assist 
agencies in development of reuse programs and appropriate regulations. The overriding 
consideration is to develop a reuse system to ensure that reclaimed water quality is 
appropriate for the intended use. 

Agricultural reuse to irrigate nonfood crops, commercially processed food crops, 
and surface irrigation of orchards and vineyards requires biological treatment with efflu¬ 
ent chlorination for disinfection. The reclaimed water quality is based on effluent stan¬ 
dards (Section 9.4) and monitoring requirements of the National Pollutant Discharge 
Elimination System (NPDES). Nonfood crops are fodder, fiber, and seed crops, and 
commercially processed food crops undergo sufficient chemical and/or physical pro¬ 
cessing to destroy pathogens prior to sale. 

Irrigation of food crops not commercially processed, including those eaten raw, 
requires biological treatment and extensive disinfection. The reclaimed water quality 
specified is to ensure high clarity, less than or equal to 2 NTU, and removal of pathogens, 
with no detectable fecal coliforms. To achieve this quality, the common treatment is 
tertiary filtration with chemical coagulation, followed by chlorination using an extended 
contact time (Section 14.5). In agricultural regions where water reuse is practiced, 
reclaimed water is commonly applied only to nonfood crops and groundwater or surface 
water to food crops because of the high cost of tertiary processing. 

The suggested water quality for urban reuse in Table 14.3 is biological treatment, 
filtration, and disinfection with quality limits of 2 NTU and no detectable fecal coli- 
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forms. Though this is the common quality for reuse in unrestricted public areas such as 
parks, school yards, and residential lawns, state regulations usually allow secondary 
effluent with disinfection to be used for irrigation of restricted sites with controlled 
access such as golf courses, cemeteries, and roadway medians. Often the time of water¬ 
ing is limited to night or early morning. Although some states allow a fecal coliform 
limit of 200 per 100 ml, most specify 23 per 100 ml, which requires more efficient 
disinfection. 

Indirect potable reuse is intentional or unintended groundwater recharge by seepage 
of treated wastewater spread or impounded on the ground surface. The recommended 
treatment is specific for each site, based on soils, percolation rate, thickness of unsatu¬ 
rated soil profile (vadose zone), natural groundwater quality, and dilution. In general, 
the reclaimed water should meet drinking water standards and contain no measurable 
levels of pathogens after percolation through the vadose zone. 

Direct groundwater recharge is injection of reclaimed water into poiable aquifers. 
The recommended processing is secondary treatment, filtration, disinfection, and ad¬ 
vanced unit processes such as chemical precipitation, carbon adsorption, and reverse 
osmosis. The most inclusive water quality criteria are to meet drinking water standards 
before injection and retention underground for an extended period of time (e.g., at least 
one year) prior to withdrawal from wells. 


Water Reclamation Criteria, State of California 

The regulations for California [20] specify both treatment processes and quality stan¬ 
dards, as diagrammed in Fig. 14.22. Conventional biological treatment of the w^tewater 
is the first step in reclamation. For irrigation of fodder, fiber, and seed crops stabilization 
ponds may be used for biological treatment; however, for other reuse applications the 
coliform and turbidity standards dictate high-quality processing in a conventional plan^ 
with the preferred process being activated sludge. Although no qu ity stan ® 
applied to irrigation of fodder, fiber, and seed crops, a biologically 
required to prLnt offensive odors, and a coliform standard is usually est^b^ 
the health pLction of the agricultural workers. The two basic degrees n 

Fig 14 22 are (1) for lower quality reclaimed water, a colitorm concentraiion not to 
exceed 23 per 100 ml, as determined from results of the last seven tests 
a maximum concentration not to exceed 240 per 100 ml m any 

and no turbidity limit; and (2) for higher-quality reclaimed 

^ j o 1 nn ml as determined from the last seven tests, anu 

conceniration not to exceed 2 2 per I(» ml, as d ^ 

a maximum concentration not to exceed 23 per 1 i ^ units more than 

limit not to exceed either 2 units for the average operanng 
5% of *e time during a 24-hr period. The wastewat« 

the higher quality of reclaimed water reliably is loo^ca 

lation granular-media filtration, and disinfection by chlortnanon w,th an extended 
tact time (Section 14.5). 


Hegulations for the Reuse of Wastewater, State of Arizona 

a • nil crA listed in Table 14.4. The allowable 
The regulations established by ^ J reference to any required treatment pro- 

limits for various reuses are specified wit 
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Table 14.3 Suggested Guidelines for Water Reuse Based on Water Reclamation 
and Reuse Practices in the United States [19] 


TYPES OF REUSE 

TREATMENT 

RECLAIMED 
WATER QUALITY 

RECLAIMED 

WATER 

MONITORING 

Af’rirulturul Reuse— 

• Secondary 

• pH =6-9 

• pH—weekly 

Nonfood Crops 

• Disinfection 

• <30 mg/I BOD 

• BOD—weekly 

I’asture for milking ani- 


• S3U mg/I SS 

• SS—daily 

nulls; fodder, liber and 


• £200 fecal coli/ 

• Coliform—daily 

seed crops 


100 ml 
• 1 mg/1 CT 
residual (niin.) 

* CL residual- 
continuous 

Agricultural Reuse—Food 

• Secondary 

• pH =6-9 

• pH—weekly 

Crops Commercially 

• Disinfection 

• s30 mg/I BOD 

• BOD—weekly 

Processed; Surface 


• s3{) mg/1 SS 

• SS—daily 

Irrigation of Orchards 


• £200 fecal coll/ 

• Coliform—daily 

and Vineyards 


100 ml 
• 1 mg/1 CL 
residual (min.) 

• CL residual- 
continuous 

Restricted Access Area 

• Secondary 

• pH = 6-9 

• pH—weekly 

Irrigation 

• Disinfection 

• £30 mg/1 BOD 

• BOD—weekly 

Sod farms, silviculture 


• £30 mg/1 SS 

• SS—daily 

sites, and other areas 


• £200 fecal coli/ 

• Coliform—daily 

where public acces.s is 


100 ml 

• CL residual— 

prohibited, restricted, or 
infrequent 


• 1 mg/1 CTj 
residual (min.) 

continuous 

Agricultural Reuse Food 

• Secondary 

• pH = 6-9 

t pH—weekly 

Crops Not Commercially 

• Filtration 

• £10 mg/1 BOD 

# BOD—weekly 

Processed 

• Disinfection 

• £2NTU 

• Turbidity— 

Surface or spray irrigation 


• No detectable 

continuous 

of any food crop, includ- 


fecal coli/100 ml 

• Coliform—daily 

ing crops eaten raw 


• 1 mg/1 CL 
residual (min.) 

• CL residual- 
continuous 

Urban Reuse 

• Secondary 

. pH = 6-9 

• pH—weekly 

All types of landscape irri- 

• Filtration 

• £10 mg/1 BOD 

• BOD—weekly 

gation (e.g., golf courses, 

• Disinfection 

. £2NTU 

• Turbidity— 

parks, cemeteries)—also 


• No detectable 

continuous 

vehicle washing, toilet 


fecal coli/100 ml 

• Coliform—daily 

flushing, use in fire pro- 


• 1 mg/1 CL 

• CL residual— 

tection systems and com¬ 
mercial air conditioners, 
and other uses with simi¬ 
lar access or exposure to 
the water 


residual (min.) 

continuous 
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Table 14.3 [continued) 


TYPES OF REUSE 

TREATMENT 

RECLAIMED 
WATER QUALITY 

RECLAIMED 

WATER 

MONITORING 

Indirect Potable Reuse 

• Site specific 

• Site specific 

Includes, but not 

Groundwater recharge by 

• Secondary and 

• Meet drinking 

limited to, the 

spreading into potable 

disinfection 

water standards 

following: 

aquifers 

(min.). May 

after percolation 

• pH—daily 


also need filtra- 

through vadose 

• Coliform—daily 


tion and/or ad¬ 
vanced 

wastewater 

treatment 

zone 

• CL residual— 
continuous 

• Drinking water 
standards— 
quarterly 

• Other—depends 
on constituent 

Groundwater recharge by 

• Secondary 

Includes, but not 

Includes, but not 

injection into potable 

• Filtration 

limited to, the 

limited to, the 

aquifers 

• Disinfection 

following: 

following: 


• Advanced 

• pH = 6.5-8.5 

• pH—daily 


wastewater 

• <2 NTU 

• Turbidity— 


treatment 

• No detectable 
fecal coli/lOO ml 

• I mg/1 CL 
residual (min.) 

• Meet drinking 
water standards 

continuous 

• Coliform—daily 

• CL residual— 
continuous 

• Drinking water 
standards— 
quarterly 


Source. Manual of Guidelines for Water Reuse, EPA/625/R-92/004. 


cesses, and the water quality for several water reuse applications differs from the Cali¬ 
fornia standards. For irrigation of fodder, fiber, and seed crops, the fecal coliform 
allowable limit is 1000 per 100 ml as the geometric mean of a minimum of five samples 
and 4000 per 100 ml as the maximum of a single sample. 

The Arizona standards for landscape irrigation are less restrictive than the Califor¬ 
nia standards. Landscape irrigation with restricted access has a fecal coliform allowable 
limit of 200 per 100 ml and a maximum of 1000 per 100 ml, compared with the Cali¬ 
fornia total coliform standard of 23 per 100 ml and 240 per 100 ml, respectively. Land¬ 
scape irrigation with open access has a fecal coliform allowable limit of 25 per 100 ml 
and a maximum of 75 per 100 ml, compared with the California total coliform standard 
of 2.2 per 100 ml and 25 per 100 ml, respectively. Neverthelep, the coliform and tur¬ 
bidity standards for irrigation of food consumed uncooked are similar: Arizona specifies 
a fecal coliform geometric mean of 2.2 per 100 ml and a maximum of 25 per 100 ml, 
which are numerically the same as the California total coliform limits, and an allow¬ 
able turbidity of 1 NTU, which is similar to the California turbidity standard of less than 
2 units. 
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For higher-quality reuse applications, allowable limits are also specified for enteric 
viruses, protozoa, and helminths. The operators of reuse systems are not required to 
monitor routinely for these pathogens; however, if the Arizona Department of environ¬ 
mental Control requires corrective action to improve the microbiological quality of the 
reclaimed water, monitoring for pathogens will be necessary for verification. 

Both of these reuse regulations specify reliability in the design to ensure that the 
plant can meet the designated water quality st^dards, an operational plan for safety o 
public health, and a monitoring program for quality control. Reliability in performance 
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requires provision for safe disposal or storage of wastewater in case of emergency, in¬ 
stallation of multiple treatment units for flexibility in operational control and shutdown 
for maintenance, standby chemical feeders and chlorinators, alarm devices installed to 
warn of process malfunction, alternative electric power supply, and adequate funding 
for operation and maintenance. Protection of public health includes isolation of re¬ 
stricted agricultural irrigation areas by buffer zones and fencing, signs identifying the 
water supply as reclaimed water, isolation anu identilication of reclaimed water piping 
and appurtenances from any potable water supply, landscape irrigation scheduling, and 
other management practices to reduce the contact of people with reclaimed water. Man¬ 
agement of a reuse system includes .scheduled laboratory testing of reclaimed water 
quality and recording of plant operations and maintenance. 


International Microbial Guidelines for Agricultural Irrigation 

The wastewater reclamation regulations established in the United States have been rep¬ 
licated or used as the basis for similar regulations in many countries. Unfortunately, 
the construction and operation requirements of complex wastewater treatment systems 
dictated by these restrictive quality standards have inhibited beneficial water reuse in 
developing areas of the world. As a result, wastewaters are often not officially approved 
for agricultural irrigation pending some unresolved solution in order to achieve compli¬ 
ance with standards that cannot be attained within local resources. This results in the 
practice of totally uncontrolled, unsafe irrigation of salad and other food crops with 
inadequately treated wastewater, 

A group of environmental experts and epidemiologists meeting in Engelberg, Swit¬ 
zerland, under the auspices of several international organizations, formulated new ten¬ 
tative microbiological guidelines for treated wastewater reuse in agricultural irrigation 
[22]. As shown in Table 14.5, the guidelines require effective wastewater treatment to 
remove helminths to a level of one egg per liter, since helminthic disease transmission 
has been identified as the top-priority health problem in developing countries. For un¬ 
restricted irrigation, the guideline of 1000 fecal coliforms per 100 ml is recommended. 
In conventional wastewater treatment, tertiary coagulation and filtration are needed to 
ensure removal of helminth eggs, but in stabilization ponds, removal of eggs can be 
achieved by simply impounding the water for a sufficiently long time to allow settlement 
of the eggs. Other pathogens are reduced by natural die-off. Therefore, with the avail¬ 
ability of adequate land area and tolerance for a reduced aesthetic quality of the re¬ 
claimed water, a low-cost, easy-to-operate stabilization pond system in a warm climate 
can provide reclaimed water for irrigation. 

Investigations of the effectiveness of stabilization ponds to remove helminth eggs 
and protozoal cysts showed 100% removal in all cases where the total retention time in 
multicelled ponds was greater than 20 days. Hookworm larvae may survive in aerobic 
ponds with an overall retention time of less than 10 days but not if the retention time is 
greater Uian 20 days [23]. Inactivation of enteric viruses is rapid in warm waters and 
is in the range of 1 to 2 log units per 5 days retention in ponds at a temperature greater 
than 25°C. Thus, a pond system with an overall retention time of 20 days in a warm 
climate would be expected to achieve a reduction of excreted viruses of 4 to 6 log units 
(99.99% to 99.9999%) [23]. Fecal bacteria are also significantly reduced in stabilization 
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Table 14.5 Tentative Microbiological Quality Guidelines for Treated 
Wastewater Reuse in Agricultural Irrigation,° The Engelberg Report [22] 


REUSE PROCESS 

INTESTINAL 

NEMATODES" 

(eggs/liter) 

FECAL COLIFORMS 
(no./100 ml) 

Restricted irrigation' 

Irrigation of trees, industrial 
cropSj fodder crops, fmit trees,'' 
and pasture'' 

Less than 1 

Not applicable 

Unrestricted irrigation 

Irrigation of edible crops, sports 


Less than 

fields, and public parks^ 

Less than 1 

1000* 


“In specific cases, local epidemiologic, sociocultural, and hydrogeologic factors should be taken into 
account, and these guidelines modified accordingly. 

"Ascaris, Trichuris, and hookworms. 


'A minimum degree of treatment equivalent to at least a 1-day anaerobic pond followed by a 5-day 
facultative pond or its equivalent is required in all cases. 

‘'Irrigation should cease 2 weeks before fmit is picked, and no fruit should be picked off the ground. 
'Irrigation should cease 2 weeks before animals are allowed to graze. 

aocal epidemiologic factors may require a more stringent standard for public lawns, especially hotel 
lawns in tourist areas. 

*When edible crops are always consumed well cooked, this recommendation may be less stringent. 


ponds with warm water and long retention times. A summary of repot^ bactenal re¬ 
moval efficiencies in multiceUed ponds with retention time greater than 25 days reduced 
fecal conforms to 100 per 100 ml or less [24]. (Raw domestic wastewater 

proximately 3,000.000 per 100ml,sothereductionwasbetween99.99%and99. o.) 


1 A. 16 Agricultural Irrigation 

Reuse of wastewater for agricultural irrigation is often considered land 

disposal. Regardless of the designated primary objective, imga ton systems ^ b mg 

used extensively in regions where available sites have su.table 

groundwater hydrology and a climate favorable to grow grasses, cro ■ 

irrigation is also used for advanced wastewater treatment to tec ecological 

appeal; however, the requirements for large tracts vv.Atrftr»r»]itan areas, 

are major disadvantages in humid climates, northern ^ loading rate of 0 5- 
Agricultural irrigation has following « 

4 in./wk (13-100 ^/wk); ha); Lnimum depth to ground- 

for 1 mgd (3785 mVd) flow of 56-560 acres .^rinnHvirv when irrigated; 

water of 5 ft (1.5 m); moderately f 

loss of wastewater by evapotranspiration an perco ^ j and precipitation, 

storage needed for cold weather and to contain spreading. 

Water distribution is by fixed or pipe networks, the most 

Fixed nozzles are attached to risers from eith 
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popular moving sprinkling system is a center-pivot spray boom that rotates around a 
central tower with the distribution piping suspended between wheel supports riding on 
circumferential tracks. On flat land, having less than 1 % slope, surface irrigation is 
possible by the ridge-and-furrow method. Water applied to furrows, spaced about 3 ft 
apart, flows down slope by gravity and seeps into the ground. Border-strip irrigation, 
the second method for surface spreading, uses parallel soil ridges constructed in the 
direction of slope. Water introduced between the ridges at the upper end flows down the 
20- 100-ft-wide strips several hundred feet long. 

Restricted Irrigation 

Restricted irrigation refers to the use of low-quality reclaimed water in specific areas 
where only fodder, fiber, and seed crops are grown, such as alfalfa, cotton, and wheat. 
Public access is controlled by fencing and warning signs around the perimeter. If water¬ 
ing is by spray irrigation, buffer zones are established along the boundaries of the site 
to prevent aerosols from drifting into adjacent public access areas. Thus, the only health 
risk is to the agricultural workers. 

The objectives of wastewater treatment for restricted agricultural irrigation are 
(1) maximum removal of helminth eggs and protozoal cysts, (2) effective removal of 
pathogenic bacteria, (3) reduction of enteric viruses, and (4) substantial removal of or¬ 
ganic matter to clarify the water and eliminate offensive odors. This treatment can be 
accomplished best by conventional biological processing followed by detention in stor¬ 
age reservoirs or by completely mixed aerated lagoons followed by slabilization ponds 
in series prior to detention in storage reservoirs. Storage is required to equalize the 
demand for irrigation water with the supply of reclaimed water. The crop selections, 
growing seasons, soil conditions, and types of irrigation systems affect the volume of 
storage needed. In warm semiarid or arid regions, reservoirs have water depths of 5 to 
10 m with a storage volume equivalent to about 90 days of reclaimed water production. 
Thus, the detention time of the reclaimed water in the reservoirs varies from 2 to several 
months. In cold humid regions, the required storage volume may be significantly greater 
to accumulate wastewater flow for 4 or more months when irrigation is not possible. 
Besides equalizing storage, reservoirs provide supplementary treatment for removal of 
helminth eggs, protozoal cysts, pathogenic bacteria, enteric viruses, and organic matter. 
The potential unaesthetic conditions that can occur in storage are the growth of algae, 
which increase the turbidity and suspended solids, and the potential generation of odors 
if prior biological treatment is not adequate. 

The management of an agricultural irrigation system is an interdisciplinary function 
of agronomy and environmental engineering. The engineering aspect is to ensure ade¬ 
quate operation and maintenance of the biological treatment system to produce a re¬ 
claimed water suitable for storage in the reservoirs and to monitor water quality by 
conducting routine tests, such as biochemical oxygen demand, suspended solids, and 
coliform bacteria, and occasional tests for helminth eggs and enteric viruses. The agro¬ 
nomic aspect involves selection of crops, fertilizer and pesticide applications, and 
scheduling of water flow through the reservoirs to the fields. The cultivation of only 
approved fodder, fiber, and seed crops must be monitored and strictly enforced, foo 
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crops for human consumption, particularly those eaten uncooked, cannot be irrigated 
with the low-quality reclaimed water designated for restricted irrigation. 

Unrestricted Irrigation 

Unrestricted irrigation refers to the application of high-quality reclaimed water for irri¬ 
gation of food crops for human consumption, even those eaten uncooked. Public access 
to the irrigation site is not controlled, but persons must be warned not to use the water 
for drinking or domestic purposes. Signs reading “Irrigated with Reclaimed Waste- 
water,” or a similar warning, should be posted at the boundaries of the site, and faucets 
discharging reclaimed water should be posted with signs reading “Reclaimed Water, Do 
Not Drink,” or a similar warning, or be secured to prevent public use. To preclude 
inadvertent connection as a potable water source, the irrigation pij^ing in areas acces¬ 
sible to the public should be color-coded, buried with colored tape, or otherwise suitably 
marked to indicate nonpotable water. 

The wastewater for unrestricted irrigation must be treated for the removal of hel¬ 
minth eggs and protozoal cysts, elimination of pathogenic bacteria, and inactivation of 
enteric viruses. Of greatest importance is the removal of helminth eggs, since they are 
extremely persistent, surviving in harsh environmental conditions, and because of their 
latency period are transmitted primarily through salad crops eaten uncooked. Recom¬ 
mended microbiological standards published for reclaimed water applied to unrestricted 
irrigation of food crops are extremely restrictive, with the quality near that of drinking 
water (Fig. 14.24 and Tables 14.3, 14.4). An extensive study in California using re¬ 
claimed water of this quality to irrigate food crops eaten uncooked demonstrated no 
health or environmental risks [26]. To achieve this high quality, the required wastew^er 
processing is conventional biological treatment, chemical coagulation, granular-me ia 
filtration, and disinfection by chlorination. The coliforra standard in Table 14.5 is appli 
cable in developing countries only with warm climates and abundant sunshine where 
stabilization ponds are effective for both wastewater treatment and disinfection. 


Chemical Quality 

The chemical characteristics of irrigation water are important for public health and 
agronomy. Reuse standards applied to edible crops include heavy meta s an 
compounds detrimental to the health of consumers. The agronorac stan ar s 
salinity, sodium absorption ratio, and specific ion toxicity o so mm, c oti ’ ’ 

and trace elements affective sensitive crops. Normally, sanitary wastewa 
tic and commercial sources does not have chemical contminants in . 

able limits for agricultural cultivation. Table 14.6 

of water quality for irrigation related to salinity from the oo an restricted 

nizationoftheUnitedNations[27].Thenitrogencontentofirn^^^^^ 

niSmc“^^ 
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Table 14.6 Guidelines for Interpretation of Water Quality for Irrigation 


POTENTIAL IRRIGATION PROBLEM 

UNITS 

DEGREE OF 
RESTRICTION ON USE 

SLIGHT TO 

NONE MODERATE SEVERE 

Salinity (affects crop water availability)" 

ECw 

dS/m 

<0.7 

0.7-3.0 

>3.0 

TDS 

mg/1 

<450 

450-2000 

>2000 

Infiltration (affects infiltration rate of water into 
the soil. Evaluation using EC« and SAR 
together)*' 

SAR = 0-3 and EC^ = 


>0.7 

0.7-0.2 

<0.2 

= 3-6 


>1.2 

1.2-0.3 

<0.3 

* 6-12 


>1.9 

1.9-0.5 

<0.5 

■= 12-20 


>2.9 

2.9-1.3 

<1.3 

= 20-40 


>5.0 

5.0-2.9 

<2.9 

Specific ion toxicity (affects sensitive crops) 

Sodium (Na)* 

surface irrigation 

SAR 

<3 

3-9 

>9 

sprinkler irrigation 

me/1 

<3 

<3 


Chloride (Cl)‘ 

surface irrigation 

me/1 

<4 

4-10 

>10 

sprinkler irrigation 

me/1 

<3 

>3 


Boron (B) 

mg/1 

<0.7 

0.7-3.0 

>3.0 


Source: Adapted from the Food and Agricultural Organization of the United Nations (FAO) (1985) [28]. 
“EC* means electrical conductivity, a measure of the water salinity, reported in deciSiemens per meter at 
25“ C (dSm) or in units millimhos per centimeter (mmho/cm). Both are equivalent. TDS means total dis¬ 
solved solids, reported in milligrams per liter (mg/1). 

*SAR means sodium adsoprtion ratio, and is sometimes reported by the symbol RNa. At a given SAR, infil¬ 
tration rate increases as water salinity increases. Evaluate the potential infiltration problem by SAR as modi¬ 
fied by EC«. 

■^For surface irrigation, most tree crops and woody plants are sensitive to sodium and chloride; use the values 
shown. Most annual crops are not sensitive. With overhead sprinkler irrigation and low humidity (<30%). 
sodium and chloride may be absorbed through the leaves of sensitive crops. 


tion water. An example of a possible trace element in wastewater is cadmium, with a 
guideline limit of 0.01 mg/I for long-term use [19]. This conservative value is recom¬ 
mended due to its potential for accumulation in plants and soils in amounts that maybe 
harmful to humans. Also, cadmium is toxic to beans, beets, and turnips at concentrations 
as low as 0.1 mg/1 in nutrient solutions. 


Design Process for Land Treatment 

The recommended design for an irrigation system is the iterative process diagrammed 
m Fig. 14.23 [25]. The initial step in design is to define the characteristics of the waste- 
water, effluent quality, and the site. Regulatory limits on effluent quality are established 
to protect both the groundwater and surface water. Investigations of the site include 





Agncultural 

management 


Preapplication 

treatment 


Monitoring 


Distribution 


Discharge 


Underdrains 


Groundwater 


Surface water 


Fieure 14 23 Iterative design process for an irrigation 
syltem. [From Process Design Manual 2?o^ 

Municipal Wastewater. U.S. Environmental Protection Agency. 

EPA/625/1 -77-008 (October 1977); 5-5.] 

climate, geology, soils, plant cover, and topography Ute 

mining the field area needed for inigation involves e inter selection. System 

loading rate, nitrogen loading rate, water storap _ control and agricultural 

monitoring, the method of wastewater distribution, discharge control, and agncultu 

management are final considerations. -<,irniatpd bv the rela- 

The water balance for a land application system can be calculated by the 

tionship 

Precipitation + wastewater loading 

= evapotranspiration +percolation + runoff 

T, • ’ anH infiltration-percolation installations, while pre- 

Runoff is zero for most compared to wastewater load- 

cipitation and evapotranspiration are of littl gm 

ing and percolation for rapid infiltration systems. ., weekly, or daily water- 

The^torage required can be ^"^“^i^^^a^d^p^Slktion is L than 
balance determinations. If the sum of e p P 
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precipitation plus available effluent, the balance must be stored. Conversely, when losses 
exceed the quantity available, water can be drawn from storage to supplement irrigation. 
These relationships are summarized in the following statement: 

( Precipitation + \ ^ / change in \ _ / evapotranspiration 
effluent available ) ~ \ storage / \ + percolation 

The nitrogen balance for an irrigation system can be calculated from the 
relationship 



Applied nitrogen = crop uptake + loss by denitrification 

+ loss by percolation 


(14.25) 


The greatest nitrogen uptake is by perennial grasses, often in the range of 200- 
500 Ib/acre/yr (220-560 kg/ha^y). Field crops (e.g,, corn, soybeans, and cotton) 
assimilate considerably less nitrogen in one growing season, 70-170 Ib/acre/yr (80- 
190 kg/ha*y). Loss by denitrification, commonly assumed to be 15%-25% of the ap¬ 
plied nitrogen, is difficult to predict accurately. Based on the maximum contaminant 
level for drinking water, the allowable nitrogen concentration in percolate is usually 
taken as 10 mg/1. 


■ EXAMPLE 14.7 These data are from sample calculations by Pound and Crites [28]. 
CoAipute the storage requirements using monthly water balances for a 1-mgd irrigation 
system based on the following: (1) Design evapotranspiration and precipitation data, 
listed in columns 2 and 5 of Table 14.7, are with average monthly distributions for the 
wettest year in 25. (2) A perennial grass is grown and irrigated year-round. (3) Runoff 
is contained and reapplied. (4) The design year begins in October with the storage 
reservoir empty. (5) Nitrogen is the limiting factor for a land area of 120 field acres to 
balance the quantity applied with the amount of nitrogen in harvested grass. (6) The 
design allowable percolation rate is 10 in./month from March through November and 
5 in./month for the remaining months (column 3, Table 14.7). 

Solution; The effluent available per month is 

10 mil gal/day X 30.4 days/month X 36.8 acreMn./mil gal _ ^ ^ in 
120 acres 

Water losses (column 4 of Table 14.7) are found by summing evapotranspiration 
and percolation. The effluent applied (column 6) is the difference between water losses 
and precipitation. The total water available (solumn 8) equals the sum of the effluent 
available and precipitation. 

The monthly change in storage (column 9) from Eq. (14.24) is the difference be¬ 
tween the total water available (column 8) and water losses (column 4). The total accu¬ 
mulated storage (column 10), computed by summing the monthly changes, reaches a 
maximum of 22.7 in. in March. 

, . . . , ,. , 22.7 in. X 120 acre 

basm capacity equivalent to this value -- 

12 in./ft 

■ = 227 acre-ft = 74 mil gal 



Table 14.7 Water Balance and Storage Calculations for Example 14.7 (all values given in inches) 
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The wastewater effluent applied is 111.7 in. (9.3 ft) on an annual basis; the maxi¬ 
mum rate, in July, being about 3.5 in./wk. I 


■ EXAMPLE 14.8 Calculate the crop uptake of nitrogen required for the irrigation 
design outlined in Example 14.7. Base calculations on an allowable concentration of 
nitrogen in the percolate of 10 mg/1 and an assumed denitrification loss of 20%. The 
average nitrogen content of the applied wastewater is 25 mg/1 with a hydraulic loading 
of I.O mgd on 120 acres (112 in./yr). From Table 14.7, the percolation is 105 in./yr. 

Solution: 


applied nitrogen 


loss by denitrification 
loss by percolation 


1.0 mil gal/day X 365 day.s/yr X 25 mg/1 X 8.34 
120 acres 

634 Ib/acre/yr 

0.20 X 634 = 127 Ib/acre/yr 


105 in./yr X 10 mg/1 X 8.34 
36.8 acre-in./mil gal 


= 238 Ib/acre/yr 


FromEq. (14.25), 


crop uptake required = 634 - 127 - 238 = 269 Ib/acre/yr I 


14.17 Urban Reuse 

The predominant urban reuse is land.scape irrigation, with a variety of lesser nonpotable 
commercial applications. 

Restricted landscape irrigation can be used in areas where public access is limited 
and/or where the water application is controlled to prevent direct contact with people. 
Examples are areas landscaped for beautification only, highway median strips, and golf 
courses. Where transient human activities take place in the area, the water is applied 
only during night hours without airborne drift or surface runoff into public areas. The 
vegetation is allowed to dry, and excess water is allowed to soak into the ground before 
start of use. Warning signs should be prominently displayed, reading “Irrigation with 
Reclaimed Wastewater,” or a similar warning, and faucets should be posted with signs 
reading “Reclaimed Water, Do Not Drink,” or a similar warning, or be secured to pre¬ 
vent public use. The irrigation piping should be color-coded, buried with colored tape, 
or otherwise suitably marked to indicate nonpotable water. 

Unrestricted landscape irrigation with a high-quality reclaimed water can be used 
on public parks and playgrounds, private and public lawns and gardens, and other places 
where people might contact the reclaimed water. This quality of water can be used to 
spray-irrigate areas where airborne drift or surface runoff into public areas may occur; 
however, the timing of watering should minimize public contact. Warning signs, secure 
faucets, and marking of piping as nonpotable water are required. 

The allowable limits for reclaimed water quality for reuse in restricted and unre¬ 
stricted landscape irrigation are given for California in Fig. 14.22 and for Arizona in 
Table 14.4. For restricted irrigation, high-quality biological treatment and chlorination 
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can meet the coliform standards. The water applied for unrestricted irrigation of parks, 
playgrounds, lawns, and gardens must be free of pathogens; thus, the standards are very 
restrictive, requiring tertiary filtration and disinfection. 


14.18 Urban Reuse, St. Petersburg, Florida 

The City of St. Petersburg is located on a peninsula between Tampa Bay and the Gulf 
of Mexico. Since only insignificant potable groundwater is available, the municipal 
supply is imported from well fields in adjacent counties up to 60 miles away. Located 
30 miles to the north, the water treatment facility collects the groundwater from well 
fields, processes it by lime-soda ash softening, and pumps it to the city. With population 
growth in the region, competition increased for the available groundwater resources. 
Concurrently, the Florida legislature in 1972 enacted a bill requiring advanced waste- 
water treatment for discharge to Tampa Bay with effluent limits of 5 mg/1 BOD, 5 mg/I 
suspended solids, 3 mg/1 total nitrogen, and 1 mg/1 phosphorus. In order to both con¬ 
serve drinking water and avoid the extremely high cost of wastewater-reclamation pro¬ 
cessing, the city chose to upgrade its biological treatment plants to allow unrestricted 
urban reuse and deep-well injection for zero discharge. The tertiary treatment added is 
effluent granular-media filtration and chlorination with an extended contact time for 
effective pathogen removal. The reclaimed water system began operation in 1978, and 
effluent discharge to Tampa Bay ceased in 1987. >' 

The city has four tertiary plants with a total capacity of 68.4 mgd. Figure 14.24 is a 
picture of the southwest 20-mgd plant showing the major unit processes. After screening 
and grit removal, unsettled wastewater is treated in two long rectangular tanks each with 
four platform-mounted mechanical aerators in series and two circular aeration tanks. 



Figure 14.24 Tertiary treatment plant with biological activated-sludge processing, 
granular-media filtration, and chlorine disinfection for unrestricted urban reuse in 
St. Petersburg. FL. (Courtesy of the City of St. Petersburg.) 
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Because of the warm wastewater temperature of 20°-25°C, the activated-sludge pro¬ 
cesses can be operated at a BOD loading of up to 50 lb/1000 ftVday. The flocculator- 
clarifiers have both radial and circumferential weirs for efficient settling of biological 
solids. Following clarification, the wastewater is filtered through four dual-media coal- 
sand beds at a nominal rate of 2.5 gpd/ft^ with alum applied as needed for coagulation. 
Filtered water is chlorinated in long narrow contact tanks with a detention time of 
40 min based on average daily flow and then pumped into a 5-mil-gal storage tank. Filter 
backwash water is di.scharged to a retention basin and returned at a uniform rate to the 
plant inlet. After thickening on a gravity belt, the waste-activated sludge is anaerobically 
digested, dewatered by belt filter presses, and applied on agricultural land. 

The reclaimed water is pumped from storage into the distribution pipe network. 
During times of wet weather resulting in low reuse, the excess reclaimed water is 
pumped to injection wells that discharge into a saltwater aquifer 900 ft below ground. 
Reject water that does not meet reuse standards is also injected for disposal. 

The quality criteria of reclaimed water for unrestricted urban reuse established by 
the state of Florida are: 20 mg/1 of carbonaceous BOD as an annual average; a maxi¬ 
mum of 5 mg/1 of suspended solids in any single sample; minimum chlorine residual of 
1 mg/1 after 15 min contact time at peak hourly flow; and fecal coliform concentrations 
below detection in 75% of the samples tested during a 30-day period, with no sample 
greater than 25 per 100 ml. The monitoring requirement for the suspended-solids limit 
is daily sampling of the effluent prior to disinfection and for fecal coliforms is one 
sample per day of the disinfected effluent. All four of the tertiary plants meet the 
standards impo.sed by these limitations Effluent suspended solids are in the range of 
1-3 mg/1 and fecal coliforms are rarely detected. Rather than the minimum chlorine 
residual of I mg/1 required, the operating standard is a minimum of 4.0 mg/1 at the 
outlet of the contact tank. 

An unexpected quality problem encountered shortly after initiating residential ir¬ 
rigation was damage to ornamental plants and trees. The results of a research study 
revealed that high chloride levels affect certain ornamental plants. However, if the con¬ 
centration is below 600 mg/1, only a few plant species show significant adverse effect 
Much of the reported plant damage, presupposing the quality of reclaimed water, was 
actually attributable to severe drops in air temperature and other climatic changes. All 
varieties of turf grasses commonly used in central Florida display excellent appearance 
and growth when irrigated with reclaimed water with moderate chloride concentrations. 
Nevertheless, application rates in excess of 1.5 in./wk increases weed infestations and 
incidence of fungal diseases. Excessive chloride concentrations have been observed in 
the wastewater entering only one treatment plant serving two beach communities. Dur¬ 
ing drought conditions, saltwater infiltration can increase the chloride concentration to 
700 mg/1, resulting in the necessary rejection of the reclaimed water for reuse. 

The reclaimed water system illustrated in Fig. 14.25 shows the arterial pipe net¬ 
work, tertiary treatment plants located in the corners of the city, and locations of irri¬ 
gated parks, school yards, and golf courses. The arterial mains are ductile iron 12-36 in. 
in diameter and secondary mains are a light-purple-color PVC plastic 4-12 in. in diame¬ 
ter for a total of approximately 300 miles of pipe. Distribution pressures are maintained 
in the range of 50-85 psi, which allows the hydrants to provide secondary fire service. 
In addition to irrigation of recreational areas and that provided to commercial customers, 
more than 95% of the 9000 connections are for residential irrigation. Backflow preven- 
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Figure 14.25 Map outline of the city of St. Petersburg, FL '^cat^ on the 

peninsula with Tampa Bay on the east and Boca Ciega arterial 

Reclaimed water system showing four tertiary treatment 
pipe network, and locations of irrigated parks, school yards, and golf 
courses. (Courtesy of the City of St. Petersburg.) 
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Figure 14.26 Estimated potable water conservation achieved through 
urban reuse by the city of St. Petersburg. [From: “Manual of Guidelines for 
Water Reuse," Environmental Protection Agency, EPA 625/R-92/004 
(September 1992).] 


Economic benefit,s of the reclaimed water sy.steni arc the reduced cost of tertiary 
wastewater treatment compared to the water reclamation required for surface discharge, 
.substantial reduction in potable water consumption, and beneficial fertilization of lawns 
and gardens. Perhaps the greatest of these has been the delay in expansion of the drink¬ 
ing water system, including well fields, treatment works, transmission pipelines, and 
distribution mains. St. Petersburg has increased in population and commercial activity 
since 1976 without significant increase in potable water consumption because of re¬ 
claimed water usage, as diagrammed in Fig. 14.26. Prior to the reuse system, the average 
potable water usage was 435 gpd per residence; after the availability of reclaimed water 
the usage decreased to 220 gpd. 

The city has established a fee schedule to offset the costs of installation of distri¬ 
bution piping and operation and maintenance. Service to a residential area requires at 
least 50% approval by homeowners. Depending on lot size, the fee assessed against each 
property is $ 1200- $ 1500, payable over a period of 3-10 yr. Then each resident request¬ 
ing reclaimed water service pays a one-time connection fee of $300. Currently, for an 
unmetered service, the usage fee is $11 per month for one acre of property or less and 
$6 for each additional half-acre and, for a metered service, $0.30 per 1000 gal, with a 
minimum of $11 per month. 

14.19 Groundwater Recharge and Potable Supply 

Groundwater recharge from surface infiltration of wastewater may be intentional, for 
aquifer recharge, or inadvertent, resulting from disposal of wastewater. Deterioration of 
groundwater quality because of infiltration depends on the characteristics of the re- 
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charge water, removal of contaminants by the soils, and dilution by the groundwater in 
storage. Before undertaking aquifer recharge with the intention of recovering the re¬ 
claimed water as a drinking water supply, a demonstration project is recommended to 
evaluate the feasibility of storage and controlled subsurface movement of the recharged 
water, improvement of recharge water quality by filtration through the soil profile, and 
treatment of the reclaimed water necessary to maintain drinking water quality in the 
recovered groundwater withdrawn from wells. Numerous monitoring wells are neces¬ 
sary for tracking water movement and sampling for water quality testing. 

The minimum quality of reclaimed water for surface infiltration, from basins or 
river channels, is equivalent to the quality for unrestricted landscape irrigation with pro¬ 
cessing by biological treatment, chemical coagulation, granular-media filtration, and 
chlorine disinfection. Where the soils do not provide sigmficant removal of contami¬ 
nants, and dilution of recharged water in the aquifer is limited, more extensive treatment 
is necessary to ensure that the groundwater remains in compliance with drinking water 
standards. Injection of reclaimed water into an aquifer through recharge wells requires 
that the water meet drinking water standards. Water reclamation is required to remove 
microorganisms, heavy metals, organic chemicals, and, if necessary, inorganic salts. 
The sequence of biological, chemical, and physical processes often includes activated 
sludge, lime precipitation, denitrification, granular-media filtration, carbon adsorption, 
and disinfection. 

The rules for Aquifer Water Quality Standards, State of Arizona [29] state the o - 
lowing for wastewater discharges: 


A discharge shall not cause a pollutant to be present in an aquifer classified for [proterted 

use as drinking water] in a concentration which endangers human health. [Nor] ...w c 

impairs existing or reasonably foreseeable uses of water in an aquifer. 

' riverbeds and ephemeral streambeds in Anzona are often peim^le md the 
undwater has little dilution capacity for infiltration of wastewater. Therefore, al 
ifers are classified as protected for drinking water use, except for those reclassihea 
londrinking water. The most likely reasons for reclassification ^e existing con - 
on, either from wastewater or natural origins, or that the aq er is no use 
iking water source and contamination cannot be prevented. 

The degree of treatment of wastewaters discharged where 

susceptible to contamination is optimal treatment, whic ^a^doneration. 

eliable, disregarding the economic limitations of costs o con ^ . 

luiring this highest possible degree of treatment promotes 

\ to cJscharge The significant cost savings by eliimnating “ 

er reclamation plant is a major economic benefit. ^ zon , 
rce and augmentation by water reuse is incorporate m wa P° ‘ directly 

None of tiie water reuse regulations 

Irinking water [19]. The highest level of reclamation is fo gr 
X advanced treatment in an attempt to comply wiA 

ugh a surface water supply may be polluted, usua y ra pj^ctice of indirect 

i. actually 
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mum contaminant level goal is zero. Although monitoring and advanced treatment 
technologies are available with respect to pathogens, inorganic chemicals, and radio¬ 
nuclides, the large number and low concentrations of organic chemicals pose uncertain¬ 
ties. Most have not been identified or quantified. The health effects over a lifetime of 
consumption of these trace organic chemicals are unknown. Therefore, direct reuse of 
reclaimed wastewater for a domestic water supply even when diluted with a natural 
water, is not considered safe. Until the effectiveness of fail-safe advanced treatment can 
be clearly demonstrated, the risk of wastewater contaminants being present in the re¬ 
claimed water is too great to justify domestic reuse, particularly when natural water 
sources are available. 


14.20 Fred Hervey Water Reclamation Plant, El Paso, Texas 

Aquifer recharge by direct injection is the primary purpose of water reclamation at the 
Fred Hervey Plant, which has been in operation since 1985. The unconfined aquifer 
supplies about 65% of El Paso’s municipal water supply. The reclaimed water is injected 
into 10 wells of 16-in. diameter and 800-ft depth, screened below 350 ft. As a demon¬ 
stration study, the impacts of injecting reclaimed water are being investigated to evaluate 
the effectiveness and reliability of treatment processes and the transport model of re¬ 
claimed water in the aquifer to the points of withdrawal. With the production wells 
located 0.24-4.5 miles from the injection wells, the model indicates a residence time of 
5-15 yr. The reclaimed water is required to meet drinking water standards, and moni¬ 
toring wells near the injecting site are used to collect groundwater samples for analyses. 

The flow diagram in Fig. 14.27 shows the major processes used for water reclama¬ 
tion, After preliminary screening and grit removal, conventional primary sedimentation 
clarifies the raw wastewater. The sludge is stabilized by anaerobic digestion and dried 
on open beds prior to hauling to a landfill. Storage ponds are used for flow equalization. 
During the daytime, the settled wastewater flow rates greater than the average are di¬ 
verted and, during periods of lower flow, the stored wastewater is pumped back to main¬ 
tain a constant flow through the plant. The storage ponds, which were originally 
stabilization ponds for raw wastewater treatment, can store 300 mil gal to allow com¬ 
plete shut-down of the plant for major repair, if necessary. 

The biological activated carbon process, BAG, (Section 14.7), and the subsequent 
biological denitrification process (Section 14.13) are linked to the same carbon wet-air 
regeneration system. The current hydraulic loading is 7.6 mgd, 76% of the 10-mgd 
design capacity. The BAG process is activated sludge with coarse-bubble diffused 
aeration. The addition of powdered activated carbon (PAG) is for the purposes of ad¬ 
sorbing toxic chemicals, enhancing the removal of organic matter, and nitrification. The 
concentration of ammonia leaving the aeration tank is less than 1 mg/1 and the BOD 
is reduced to 5 mg/1 or less. Based on total suspended solids, the solids retention time 
is 18 days, ranging 10-31 days, and the mixed-liquor suspended solids (MLSS) aver¬ 
ages 13,500 mg/1, including an ash content averaging 5300 mg/1 (40%). The biological 
denitrification process uses methanol as a soluble carbon source to accept oxygen in 
reducing nitrate to nitrogen gas. The solids retention time is 15 days, ranging 7-26 days, 
and the MLSS averages 2000 mg/1, with an ash content averaging 400 mg/1 (20%). By 
carrying the PAG through both processes, the contact time is extended to effectively 
adsorb toxic chemicals. 
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Figure 14.27 Flow diagram showing major processes at the Fred Hervey 
Water Reclamation Plant, El Paso, TX. 
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for disposal. The desired concentration of PAC in the B AC and denitrification processes 
is maintained by recycling regenerated-carbon slurry and addition of virgin PAC. The 
overall performance of the BAC system has proved satisfactory in reliable removal of 
toxic chemicals, organic matter, and nitrification-denitrification. 

Lime precipitation at pH 11 in flocculator-clarifiers reduces phosphorus to less 
than 1 mg/1 and removes a variety of contaminants Concentrations of heavy metals are 
significantly reduced along with removal of organic substances as measured by COD 
and turbidity reductions. A secondary benefit of high lime treatment is disinfection, with 
significant reductions of coliforms and viruses. Recarbonation is performed in a two- 
stage process with intermediate sedimentation to reduce calcium content of the stabi¬ 
lized water. Waste lime slurry is thickened with the supernatant returned to the plant 
inlet, and the underflow is discharged to drying beds. Subsequent granular-media filtra¬ 
tion at a nominal rate of 2.5 gpm/fl- is done to remove nonsettleable solids. Backwash 
water is recycled for treatment. 

Ozonation through porous diffusers in a compartmented ozone contactor with a 
23-min detention time at 10 mgd is for disinfection. Final filtration through a bed of 
granular activated carbon is for removal of any remaining trace amounts of adsorbable 
contaminants and final reduction of turbidity to 0.1 -0.2 NTU. Chlorine is applied to the 
influent and effluent of the storage reservoir as necessary to prevent bacterial growth 
before injection of the reclaimed water. 

An aerial view of the plant in Fig. 14.28 shows the relative positions of the major 
treatment processes. The raw wastewater enters at the bottom left and the reclaimed 
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Figure 14.28 Aerial view of the Fred Hervey Water Reclamation Piant, El Paso, 
TX. (Courtesy of the City of El Paso.) 
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water is stored in the underground reservoir at the top right. The anaerobic digesters are 
on the lower left; the wet-air regeneration system for the BAG sludge is on the right; the 
granular-media filters and granular activated carbon filters are further up to the right; 
and the time storage silos are located below the storage reservoir. Notice the dark color 
of the biological activated carbon aeration tanks, clarifiers, and denitrification clarifiers 
in comparison to the lighter color of the primary tanks. Also, note the white color of the 
lime flocculator-clarifiers. 

The plant, with a design capacity of 10 mgd, is currently processing an average of 
7.6 mgd. At this hydraulic loading, the average process chemical dosages are: virgin 
powdered activated carbon 25 mg/1, methanol 60 mg/1, cationic polymer 0.4 mg/1, lime 
as CaO 170 mg/1, anionic polymer 0.6 mg/1, carbon dioxide 120 mg/1, ozone 5 mg/1 at 
1.5% ozone, granular activated carbon replaced once in 1988, and chlorine 4 mg/1. 

The reclaimed water meets current drinking water standards as verified by sched¬ 
uled testing for toxins most likely to be present, including heavy metals and organic 
chemicals. Selected typical concentrations for water quality parameters compared to 
government standards (given in brackets) are: chloride 200 mg/1 (<300 mg/1), fluoride 
0.8 mg/1 (<2 mg/l), nitrate-N 3 mg/1 (<10 mg/1), sulfate 80 mg/1 (<300 mg/1), bar¬ 
ium 0.01 mg/l (<1.0 mg/l), iron <0.02 (<0.30 mg/l), and total dissolved solids 

600mg/l (<1000 mg/l). 

The Fred Hervey Water Reclamation Plant has successfully produced an emuent 
that meets the standards established for injection into a water supply aquifer. In the first 
10 years of operation, approximately 15 billion gal of reclaimed water has been injected, 
resulting in a rising rather than declining water table in the region around the injec¬ 
tion wells. 


Problems 


14.1. 


14.2. 


14.3. 


14.4. 


^Ilia 

List the common characteristics of a wastewater discharged from 
biological processing. Which contaminants are most likely 
the effluent is discharged to a stream with limited dilut.onal 
stituents adversely affect a lake or reservoir receiving the wastewater discha g . 

What are the potential benefits of flow equalization in municipal wastewater 
processing? 

ample 14.1. 

The feasibility of an in-line equalization chamber is being ^ 

following parameters. 

equalization chamber volume = 15% of the design flow 
overflow rate and depth of primary clarifiers = 600 gpd/ftv 8 It 

aeration period and loading of aerarionfenks = 5hr.40 lb BOD/lOOOfrVday 

overflow rate and detention time of tinal clarifiers = 800 gpd/ft-, 2.2 hr 



794 CHAPTER 1A Advanced Wastewaier Tiearmem Processes and Water Reuse 

(a) Compare the volume of the equalization chamber to the total liquid volume 
of the clarifiers and aeration tanks. 

(b) The typical design values used in sizing treatment tanks compensate for di¬ 
urnal flow variation; therefore, the parameters listed aboVe are too conser¬ 
vative for design based on equalized flow. What criteria do you suggest for 
sizing the primary clarifiers, aeration tanks, and final clarifiers with influent 
flow equalization? If these values are used in tank sizing, is the equalization 
chamber justified? 

14.5. Discuss the selection of methods for disposal of dewatered solids from advanced 
wastewater treatment plants. 

14.6. What are the basic differences between the characteristics of water and waste- 
water that influence the design of granular-media filters? 

14.7. The solution to Prob. 12.52 is a flow diagram for a treatment plant with primary 
sedimentation and secondary step aeration. Expand this diagram to include 
direct tertiary granular-media filtration and effluent chlorination. Show the ar¬ 
rangement of filters and backwash system. Recommend the kind of filter media, 
underdrain system, method of backwashing, and flow control. (Refer to Sec¬ 
tions 14.4 and 11.18-11.20.) List numerical design guidelines for sizing the 
processing units. 

14.8. Assume that flow equalization is provided prior to filtration in Example 14.2, 
thus allowing a nominal application rate of 5.0 gpm/ft- for design. Compute the 
filter area required, cycle time, backwash as a percentage of filtrate, and rate of 
filtration with three of four cells operating. 

14.9. Calculate the area of granular-media filters needed for suspended-solids removal 
from a wastewater effluent with an average daily flow of 1500 mVd and peak 
4-hr discharge of 3300 m Vd. The nominal filtration rate should exceed neither 
180 mVm^'d with all beds operating nor 350 mVm^-d at maximum discharge 
with only three of four beds in service. 

14.10. Sketch a schematic flow diagram of the least-cost system for virus removal tested 
in the Pomona Vims Study. Label the treatment units and the chemicals applied, 

14.11. What effluent quality, in terms of BOD, SS, chlorine residual, dissolved solids, 
nitrogen, and coliforms, would you anticipate for treatment including primary 
sedimentation, conventional activated sludge, dual-media filtration, chlorina¬ 
tion, and dechlorination? 

14.12. What kinds of pollutants are removed by granular carbon columns? 

14.13. Discuss the advantages of upflow, countercurrent, and packed-bed carbon col¬ 
umns relative to downflow gravity contactors. 

14.14. The following data correlated suspended-solids concentrations with fecal coli- 
form MPN indexes in effluents from wastewater treatment plants with different 
degrees of chlorination. Plot the data in a log-log scale. For each set of values, 
identify a minimum processing scheme to achieve the given limits. 
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Suspended Solids 
(mg/1) 

Fecal coliform 
(mpn index/100 ml) 

3 

2.2 

10 

23 

21 

100 

30 

200 


14.15. Study the application of the biological activated carbon (BAC) process at the 
Fred Hervey Water Reclamation Plant described in Section 14.20, Why was this 
process selected? What contaminants are removed by this process? How is the 
powdered activated carbon (PAC) in the waste-activated sludge regenerated? 
Why must new PAC be continuously added to the BAC process? 

14.16. For Eq. (14.5), verify by appropriate calculations the molar ratio for A1 to P of 
1 to 1 and the weight ratio of commercial alum to phosphorus of 9.7 to 1.0. 

14.17. A laboratory activated-sludge system was used to evaluate chemical-biological 
phosphorus removal by applying alum to the aeration tank. The laboratory ap¬ 
paratus was a diffused-air complete-mixing aeration tank, separate gravity clari¬ 
fier, and airlift return sludge pump. Twelve liters of settled municipal wastewater 
were applied daily at a constant rate to the aeration tank, which had a volume of 
3.6 1. The aeration tank MLSS concentration was held near 2000 mg/1 by wast¬ 
ing 200-250 ml of mixed liquor each day. The temperature was 22°-24®C, 
pH 13 - 1 . 1 , and sludge volume index varied from 90-130 ml/g. The alum so¬ 
lution feed to the aeration tank had a strength of 10.0 mg of commercial alum 
per milliliter. The following data were collected at various alum feed rates after 
arriving at steady-state conditions. 


Waste- 



Influent 


water 

feed 

(1/d) 

Alum 

applied 
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BOD 

(mg/1) 

SS 

(mg/1) 

P 

(mg/1) 

Aik 

(mg/1) 

12.0 

12.0 

12.0 

12.0 

12.0 
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210 
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10.3 

10.9 
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350 
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water 
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(1/d) 




Effluent 


Alum 

applied 

(ml/d) 

BOD 

(mg/1) 

SS 
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12.0 

12.0 
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1. Calculate the phosphorus removal and the weight ratio of alum applied 
to total phosphorus in the influent wastewater for each run. Plot a graph 
of percentage of phosphorus removal versus the weight ratio of alum to 
phosphorus. 

2. Calculate the average BOD and SS (suspended solids) removal efficiencies. 
Suggest reasons why the effluent BOD and SS values are lower and resulting 
efficiencies higher than are normally achieved by a full-scale treatment plant. 

3. Why did the concentration of alkalinity in the effluent decrease with increas¬ 
ing alum dosage? 

14.18. A domestic wa.stewater, with 200 mg/1 of BOD, 240 mg/1 of SS, and 10 mg/1 of 
P, is treated by extended aeration without primary sedimentation at a loading 
of 12.5 lb of BOD/I000 ftVday and an aeration period of 24 hr. Alum dosing 
for phosphate precipitation is graphed in Fig. 14.6. What is the alum addition 
in milligrams per liter required for 80% phosphorus removal? Estimate the 
biological-chemical solids produced per million gallons of wastewater pro- 
ces.sed using the technique presented in Sec. 13.2 for biological waste and 
Eqs. (14.5) and (11.34) to approximate the amount of chemical precipitate. Com¬ 
pute the volume of sludge in gal/mil gal of wastewater treated, assuming a solids 
content of 1.5%. 

14.19. The characteristics of a settled wastewater (primary effluent) are as follows: 

calcium = 34 mg/1 chloride = 43 mg/1 

magnesium = 12 mg/l BOD = 130 mg/1 

.sodium = 64 mg/l suspended solids - 120 mg/l 

potassium = 12 mg/l volatile SS = 100 mg/l 

alkalinity = 185 mg/l nitrogen = 30 mg/l 

sulfate = 44 mg/l phosphorus = 7 mg/l 

This wastewater is processed in a diffused-air activated-sludge system at an F/M 
loading of 1.0 g of BOD applied per day for each 3.0 g of MLSS in the aeration 
basin. The final clarifiers are appropriately sized. 

1. During conventional operation, what are the estimated effluent BOD, SS, 
and P concentrations in milligrams per liter? Calculate the average waste 
organic solids production in milligrams per liter of wastewater treated. 

2. Alum is then added to the aeration tanks at a dosage equivalent to an Al/P 
ratio (aluminum added to phosphorus in the applied wastewater) of 2.0; 1.0. 
With this chemical addition, the effluent BOD, SS, and P decrease to 10,15, 
and 0.5 mg/l, respectively. No aluminum appears in the effluent. Calculate 
the average amounts of chemical precipitates and waste organic solids pro¬ 
duced per liter of wastewater processed. How do these reactions affect the 
ionic character of the wastewater? 

3. Assume that granular-media filtration is added as' a tertiary step following 
the biological-chemical phosphorus removal. What are the estimated BOD, 
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SS, and P concentrations in the effluent? Estimate the additional waste solids 
removed by tertiary filtration. 


14,20. Problem 13.30 describes the operation of an RBC plant that adds alum to the 
biodisk effluent to precipitate phosphate in the final clarifiers. Assume that the 
total phosphorus in the raw unsettled wastewater is 10.1 mg/1, consisting of 
3.0 mg/I organic phosphoms and 7.1 mg/1 inorganic phosphoms. 


1. Trace phosphorus through the plant from influent to effluent as illustrated in 
Fig. 14.7, and write the appropriate chemical and biological reactions result¬ 
ing in phosphorus removal. 

2 . Calculate the alum dosage in milligrams per liter as alum and as the weight 
ratio of Al/P. How do these values compare with values given in Section 14.9 
under the heading “Chemical Precipitation and Biological Treatment”? 

14,21. A conventional activated-sludge plant treats a domestic wastewater with 
220 mg/1 of suspended solids, 180 mg/1 of BOD, and 6.4 mg/1 of total phospho¬ 
ms. After primary settling, the characteristics are 110 mg/1 of suspended solids, 
120 mg/1 of BOD, and 5.4 mg/1 of total phosphoms. Based on a pilot-plant 
study, a dosage of 116 mg/I of alum is required to reduce the effluent total phos¬ 
phoms to 0.5 mg/1 with the aeration tank operating at an F/M of 0.20 g BOD/ 
day/g MLSS. The effluent suspended-solids concentration averages 10 mg/1. 
Calculate the estimated production of sludge solids per cubic meter of waste- 
water treated. If the primary sludge has a solids content of 5.0% and the waste 
sludge from the chemical-biological aeration system has a concentration of 
1.5%, calculate the liters of combined sludge produced per cubic meter of waste- 
water treated. 


14.22. A domestic wastewater with 220 mg/1 of suspended solids, 180 mg/1 of BOD, 
and 6.4 mg/1 of phosphoms is treated by lime precipitation in pnm^ settling 
followed by conventional activated-sludge processing. A dosage of 170 mg/l 
of CaO r-moves 80% of the influent phosphoms. Of the remaining 1.3 mg/l of 
phosphoms, 0.8 mg/l is removed by biological uptake during aeration and 
0 4/1 appears in the plant effluent. Lime precipitaUon in the primary also 

removes 80% of the suspended solids and 60% of the BOD. m I^^nt effluent 
suspended-solids concentration averages 20 mg/l. Calculate P 

ducLn of sludge solids per cubic meter of wastewater treated based ^ 
following data: The chemical precipitate produced is 2.0 of calcium hydroxy 

apatite and calcium carbonate per 1.0 mg of CaO applied. The aeration process 

oUtes at an F/M of 0.2 g BOD/day/g MLSS, How do« 

cLpare to the sludge soUds produced by the biological-cheuucal treatment m 

Prob. 14.20? 

1<L23. Advanced treatment of the wastewater from a smdl 

tanks rectoi^tion back to the aeration tanks, 

prectpitation. final storage tank that drains back to 

Sr.^?S^?a”XS^hlo™e.on^c^^^^^^^ 

digesters with supernatant return to the head ot me pian 
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for dewatering digested sludge withdrawn from the digesters with filtrate re¬ 
turned to the head of the plant. The influent wastewater is 2000 mVd with 
200 mg/1 BOD, 240 mg/1 SS, and 10.0 mg/1 P. The effluent characteristics are 
3 mg/1 BOD, 3 mg/1 SS, and 0.5 mg/1 P. The fecal coliform count is less than 
200 per 100 ml. The activated-sludge process is operated at F/M = 0.15, and the 
alum addition is 190 mg/1. Aerobic digestion reduces the organic content of the 
waste-activated sludge by 25% and thickens the digested sludge to 2.0% or¬ 
ganic-chemical solids. The dewatered filter cake has 18% solids. 

1. Draw a flow diagram of the treatment system. 

2. Estimate the weight of filter cake produced per day by calculating the fol¬ 
lowing; the organic solids produced by aeration, organic solids removed by 
tertiary filtration, organic solids remaining after digestion, chemical precipi¬ 
tates, and weight of total solids at 18% concentration. 

3. What is the principal form of chlorine residual formed in chlorination of the 
wastewater? What chemical can be used for dechlorination? 

14.24. Phosphorus is precipitated during biological-chemical treatment by the addition 
of waste pickle liquor (ferrous sulfate) to the aeration tanks of an activated- 
sludge process. The influent wastewater flow is 17.7 mgd containing 210 mg/1 
BOD, 190 mg/1 SS, and 7.1 mg/l P. The effluent characteristics are 20 mg/1 
BOD, 26 mg/l SS, 1.0 mg/l P, and 1.4 mg/l Fc. The waste pickle liquor feed is 
2300 gpd with an iron content of 8.8% by weight. The dry weight of sludge 
solids produced per day is 28,000 lb. 

1. Calculate the weight ratios of iron applied tt) influent phosphorus and iron 
precipitated to phosphorus removed. 

2. Compute the percentage of iron in the dry sludge solids. 

14.25. Chemical coagulation and sedimentation of a raw municipal wastewater using 
60 mg/l of FeCls and 50 mg/l of CaO precipitates 230 mg/l of suspended solids 
and 8 mg/l of phosphorus. What is the weight ratio of iron applied to phosphorus 
removed? Calculate the weight of organic-chemical sludge solids per million 
gallons of wastewater treated using the method in Section 13.2 for organic mat¬ 
ter and Eqs. (14.6) and (14.7) for chemical precipitates. If the sludge has an 8.0% 
solids concentration, compute the volume of waste in gal/mil gal of wastewater 
processed. 

14.26. Why is it impractical to perform biological nitrification concurrently with BOD 
reduction in an activated-sludge aeration tank operating at the wastewater tem¬ 
peratures common in most regions of the United States? 

14.27. Convert the concentration data for phosphorus given in milligrams in Fig. 14.7 
to percentages with 7 mg/l equivalent to 100%. Convert the concentration data 
for nitrogen given in milligrams in Fig. 14.9 to percentages with 35 mg/l equiva¬ 
lent to 100%. How do these percentages compare with percentages that would 
be expected for BOD removal? 

14.28. How would anaerobic digestion of the waste sludge affect the nitrogen data given 
in Fig. 14,9? 
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14.29. What is the reduction in rate of biological nitrification 

1 . if the wastewater temperature decreases from 20® to 10®C and 

2. if the operating pH is 7.0 rather than 8.0? How can reduced temperature 
and pH be compensated for in operating a suspended-growth nitrification 
system? 

14.30. An oxidation ditch plant, which is a completely mixed process, has an aeration 
volume of 14,300 m\ The average raw wastewater flow is 13,000 mVd with a 
BOD of 315 mg/1 and total nitrogen concentration of 50 mg/1. Based on plant 
records, the operating conditions are: MLVSS = 1200 mg/1, pH = 7.0, 
temperature = 18°C, and waste sludge solids = 1400 kg/d of volatile solids. 
Calculate the aeration period, volumetric BOD loading, and sludge age. Using 
evaluation computations as in Example 14.4, determine if nitrogen oxidation to 
an ammonia concentration of 2.0 mg /1 (essentially complete nitrification) is 
likely to occur based on the operating conditions. 

1431. An activated-sludge treatment plant without primary sedimentation has 2 aera¬ 
tion basins and 2 clarifiers. The waste-activated sludge is stabilized and thick¬ 
ened in aerobic digesters, dewatered by belt filter presses, and hauled to land 
disposal. Each aeration basin is prismoidal in shape and the length is twice the 
width, with 2 pedestal-mounted mechanical aerators. Since the plant is currently 
over design load, a proposed expansion is to add another identical aeration basin 
and clarifier, the original design loadings were 10,000 raVd with 300 g/m d of 
BOD (200 mg/1); the current maximum-month loading is 13,000 mVd with a 
BOD concentration of 260 mg/1. Although the BOD and suspended solids in the 
effluent are below the specified maximums of 20 mg /1 and 20 mg/l, the sta e 
regulatory agency has established a new effluent quality standard o a maximuin 
of 5 mg/l of ammonia nitrogen during the maximum month upon completion of 
the plant expansion. Even though the wastewater temiBrature k 
or greater throughout the year, the original designer di not .s 

sive nitrification would occur. Nevertheless, partial mtnficaUOT is “ 

the total nitrogen (ammonia plus organic nitrogen) in the effluent is reduced 

The volume of the aeration basins and oxygen-transfer capacity of the ate- 
cnanical aerators are as Mows: Each basin is 3365 

of 6730 m’ for the 2 hasins. Each aerator is 55 kW, wifli ^f„f 7 f;nnmi 
capacity of 84 kg/h in clean water at 20 "C and a 

of mercury, for a total of 336 kg/h for the 4 installed aeratois. The barometnc 

pressure at plant elevation is 730 mm of mercury. ,.3 vvith high 

me average flow during the 

peak and low hourly flow during the maximum month. 

The typical mixed-liquor temperature xxt 88 — 2300 mg/l and 

pH = 7.0, and nnxed-liquor concentrahons ^ 

MLVSS = 1600n'g^>-I^”S‘''®‘'““”®^,'^L,ozerointheconiersofthe 
oxygen decreases to 0.4 mg/l near j/g ,,ig, o.80% sol- 

aeration basins. The average waste-activated ^udgem 3^ 

ids, which aro 70% volatile. The average w^tewater 
maximum month based on 24-hr composite samples are as 
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Influent 

Effluent 

BOD 

260 

7 

Suspended .solids 

180 

13 

Volatile suspended solids 

130 

9 

Total nitrogen 

56 

21 

Organic nitrogen 

22 

1 

Ammonia nitrogen 

34 

20 


You have been asked to evaluate the existing operation and make prelimi¬ 
nary recommendations regarding the plant expansion to ensure that the effluent 
meets the standards of 20 mg/1 BOD, 20 mg/1 suspended solids, and 5 mg/1 of 
ammonia nitrogen. 

1. Calculate the aeration period and volumetric BOD loading at the current 
plant loadings. Compare these to the design values. 

2. Using current loading and performance parameters, calculate the sludge age 
based on volatile suspended-solids values [Eq. (12.60)]. Using Eqs. (14.14- 
14.16) and Fig. 14.10, calculate the theoretical mean cell residence time for 
an effluent value of N of 5 mg/1 NH ,-N and peaking factor of 1.5 to com¬ 
pensate for diurnal flow variation. Alst) calculate the mean cell residence for 
/V of 20 mg/1 NH,-N. 

3. Are the low dissolvcd-oxygen concentrations during the period of maximum 
loading likely to inhibit nitrification? Calculate the total oxygen demand, 
both BOD and NOD, for nitrilication at current loading and performance. 
BOD demand is equal to 1.4 times the applied BOD. To determine NOD, 
calculate the following: total nitrogen, which is the applied nitrogen in 
kilograms per day; effluent organic nitrogen; organic nitrogen in the waste- 
activated sludge, which is 6% of the waste solids; and effluent ammonia ni¬ 
trogen. The nitrified nitrogen is then the applied tN minus the sumof org-N 
in effluent plus org-N in waste sludge plus effluent NHj-N. NOD equals 
nitrified N times 4.6. Total oxygen demand is BOD plus NOD. 

4. Calculate the rate of oxygen transfer in kilograms per hour for one mechani¬ 
cal aerator, using Eq. (12.102). Assume jS - 0.8, a = 0.9, C, = l.O tng/1, 
and C, based on mixed-liquor temperature corrected for barometric pressure. 
(Refer to Table A. 10 and the equation given in the footnote.) Estimate total 
oxygen transfer by multiplying the calculated R by four aerators and 24 hr 
of operation. How does this value compare to the total oxygen demand? 

5. Since the effluent quality is satisfactory other than the degree of nitrification, 
should design of the expanded plant consider a design loading of 6500 mVd 
per aeration tank for the maximum month rather than the original design 
loading of 5000 mVd? This could be an economical way of increasing the 
capacity of the expanded plant. For evaluation, calculate the total oxygen 
demand with an effluent ammonia nitrogen concentration of 5.0 mg/1. Com¬ 
pare this value to the total oxygen transfer with larger installed aerators each 
with a transfer capacity of 150 kg/h in clean water at 20®C and 730 mm Hg 
and a C, of 2.0 mg/1 (rather than 1.0 mg/1). 
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6. Suggest field studies of the existing plant to evaluate the possible cause of 
limited nitrification either by short-circuiting of ammonia during the period 
of maximum diurnal flow or reduced nitrification caused by low dissolved 
oxygen. 


14.32. Calculate the theoretical design mean cell residence time for nitrification in a 
completely mixed activated-sludge process based on the following: mixed-liquor 
temperature of 15°C and pH of 6.8; growth-limiting ammonia concentration 
of 2.0 mg/1; and the commonly assumed peaking factors given in the text for 
maximum-month flow and peak diurnal flow. 


14.33. Calculate the aeration volume for second-stage suspended-growth nitrification 
of a daily design flow equal to 1500 mVd containing 25 mg/1 of ammonia nitro¬ 
gen. Assume a minimum operating temperature of Ifi^C, operating pH 7.4, 
peaking factor of 1.5, and design MLVSS of 1500 mg/1. If flow equalization is 
provided for the plant influent, what basin volume would you recommend? 


14.34. For the town of Nancy, the solution to Prob. 12.32 gives design data, the solution 
to Prob. 12.51 sizes an extended aeration system, and the solution to Prob. 13.41 
sizes aerobic digesters and belt filter presses. Assume this plant has been con¬ 
structed and is in operation. Proposed new effluent standards specified for this 
plant are a maximum total phosphorus concentration of 2.0 mg/1 and a maxi¬ 
mum ammonia nitrogen concentration of 5.0 mg/1. The city council has em¬ 
ployed you to study the implications of these new effluent limitations on the 
operation and modification of the treatment plant. You are to submit a prelimi¬ 
nary report within 12 months. 


2 . 


3. 


Outline a plan to evaluate performance of the existing treatment system by 
wastewater sampling, laboratory testing, and modifying orchangmg the op¬ 
eration of unit processes of the treatment system if necessary. T^ese data 
are also to be used for future design if the new effluent standards are 

implemented. 

Propose a treatment system with processing schemes for phosphorus re- 
rnov^al and nitrification. Based on assumed data, calculate preliminary sizes 
of treatment units and estimate chemical usage. 

Propose full-scale and/or pilot-plant studies to evaluate modified or addi- 
tional treatment processes. 

Why is methanol, or some other carbon source, needed in biological 
denitrification? 

2 Calculate the methanol demand for denitrifying 1 of nitrified effluent 
95% methanol with a specific gravity of 0.82. 

36. Tertiary nitrification-denitrification processing 

secondary-treatment of otI-N r^th a peaKng factor of 1.5, 30 mg/1 

tion process design are 30 mg/1 fWi jF„a, 5 og^g,lofMLVSS.Usingthese 

parameters, compute the aeration basin volume required, recomm 


1.35. 1. 
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surface area, and estimated oxygen utilization. Assume the following character¬ 
istics for subsequent denitrification design: 27 mg/1 of NO.t-N, 5 mg/1 of DO, a 
temperature of 16°C, pH 7.0, and 1500 mg/1 of MLVSS. Calculate the denitri¬ 
fication basin volume, recommended clarifier surface area, and methanol dosage. 

14.37. The methanol dosage for denitrification at the Fred Hervey Water Reclamation 
Plant (Section 14.20) is 60 mg/1, Does this dosage appear to be reasonable? The 
settled raw wastewater contains 26-30 mg/1 of organic plus ammonia nitrogen, 
and the effluent from denitrification contains an average of 1 mg/1 of ammonia 
nitrogen, 2-4 mg/1 of nitrate nitrogen, and negligible organic nitrogen. 

14.38. The overall nitrogen removal in Fig. 14.19 is (69 - 16)100/69 = 77%, and in 
Fig. 14.17(b) the removal is 100 - 41 = 59%. Why is the flow scheme in 
Fig. 14.19 more effective in nitrogen removal than the one in Fig. 14.17(b)? 

14 J9. How many milligrams of oxygen are in 1.0 mg of nitrate nitrogen? Using this 
value, estimate the milligrams per liter of BOD satisfied in the anoxic zones of 
the scheme in Fig. 14.19. 

14.40. An oxidation ditch system as diagrammed in Fig. 14.21 is used for nitrification- 
denitrification of domestic wastewater. The influent has a BOD ef 178 mg/1 and 
total nitrogen of 27 mg/1, and the effluent has a BOD of 8 mg/1 and 4 mg/1 
inorganic nitrogen, 3 mg/1 nitrate, and 1 mg/1 ammonia. The aeration period 
averages 24 hr and, being in a warm climate, the temperature of the mixed liquor 
is rarely below 16°C and is usually 18°C or greater. Calculate the dissolved- 
oxygen uptake for nitrification per liter of wastewater. [Ba.sed on Eq. (14.16), 
1.0 mg of ammonia N requires 4.6 mg of oxygen.) Calculate the quantity of 
BOD satisfied by denitrification per liter. (One mg of nitrate contains 3.4 mg of 
oxygen.) 

14.41. The Citizens Committee on Environmental Issues has proposed to the state en¬ 
vironmental protection agency the adoption of an effluent standard for all the 
wastewater treatment plants in the state to include a maximum allowable inor¬ 
ganic nitrogen limit of 10 mg/1, which is based on the maximum contaminant 
level (MCL) for drinking water of 10 mg/1 of nitrate nitrogen. The committee’s 
main arguments are that treatment plants are not properly designed to remove 
nitrogen and that nitrate nitrogen in surface waters is an environmental risk and 
health hazard. The stage agency has data showing that no surface waters used 
as drinking water sources exceed 10 mg/1 of nitrate nitrogen, and analyses 
of groundwaters near flowing waters downstream from wastewater discharges 
show liitle or no nitrate contamination. Nevertheless, these data have not de¬ 
terred the committee from insisting on reducing the concentration of contami¬ 
nants listed in the Safe Drinking Water Act to less than their MCLs in wastewater 
discharges. You have been asked to present a general assessment of nitrogen 
removal by conventional wastewater treatment and the feasibility of available 
technology to retrofit existing plants and design new plants to meet an effluent 
limitation of 10 mg/1 of inorganic nitrogen. (Assume other speakers will address 
the topics of economic feasibility and other sources of nitrogen contamination, 
such as agricultural land drainage to surface waters and percolation of nitrate 
fertilizers to groundwaters under cropland.) 
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14.42. Compare the reclaimed water quality required by California and Arizona for 
irrigation of food crops consumed uncooked. 


14.43. Define the concept of reliability in wastewater processing and discuss some ways 
to increase reliability in tertiary treatment. 


14.44. A city in a semiarid region plans to reuse wastewater for agricultural irrigation. 
The soils at the proposed irrigation site are composed of poorly drained alkaline 
loams underlain by dense clayey strata. The groundwater is unsuitable for potable 
use because of naturally occurring high salt and nitrate contents. The proposed 
crops include alfalfa, barley, com, cotton, grain sorghums, and grasses. Whatkind 
of wastewater treatment is necessary, and what quality standards must be met for 
this reuse application? (Assume the wastewater is primarily from domestic water 
use and the concentrations of heavy metals, boron, and toxic chemicals are negli¬ 
gible.) What controls are necessary for operation of the irrigation site? 


14.45. Using Eq. (14.23), estimate the land area in acres required for irrigation of 
1.0 mgd based on precipitation of 20 in./yr, evapotranspiration of 40 in./yr, per¬ 
colation equal to 10 in./month, and zero runoff. 


14.46. The total field area at an agricultural irrigation site in a semiarid region is 48TO 
acres. The proposed total surface area of the storage reservoirs is 300 acres^By 
water-balance calculations,, determine the storage requirement based on the data 
listed below. The total water available each month is calculated in acre-inches 
by summing the effluent available plus precipitation minus evaporation loss from 
the storage reservoirs. The monthly irrigation requirements listed in table 
were determined by estimating the consumptive use by the crops most 
be grown at tlie site, taking into account optimum economic fammg “I*™" • 
crop rotation, and planting and harvesting times. Assume that the storage reser- 

voirs are empty on October 1. 


Month 

* Effluent 

available 
(acre-in.) 

Precipi¬ 

tation 

(in.) 

Oct. 

20,100 

0.3 

Nov. 

19,400 

0.5 

Dec. 

19,800 

1.0 

Jan. 

19,000 

1.2 

Feb. 

16,600 

1.1 

Mar. 

17,800 

1.1 

Apr. 

17,900 

0.7 

May 

19,400 

0.2 

June 

20,400 

0.1 

July 

22,300 

0 

0 

Aug. 

Sept. 

22,300 

20,700 

235,700 

6.3 


Evopo- 

ration 

(in.) 

Irrigation 

require¬ 

ment 

(acre-in.) 

4.6 

0 

2.3 

0 

1.0 

0 

1.1 

0 

1.6 

0 

4.0 

22,000 

5.0 

22,000 

7.4 

36,500 

8.9 

36,500 

9.5 

25,500 

8.6 

44,000 

6.2 

33,000 

60.2 

219,500 
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14.47. What quality standards and regulations apply to irrigation of a golf course (tee 
boxes, fairways, and greens), excluding the landscaped area around the club¬ 
house? The play area for a golf course is considered to have restricted access if 
fenced along the boundary with public property. 

14.48. Name three examples of restricted urban landscape irrigation and three examples 
of unrestricted irrigation sites. The following questions apply to urban reuse in 
St. Petersburg, FL. (1) What are the two major economical benefits for the city 
by practicing urban reuse of reclaimed water? (2) What is the primary purpose 
(objective) in tertiary processing for urban reuse? (3) Why can only a limited 
percentage of the residential customers in the city be connected to the reclaimed 
water system? 

14.49. What are the main purposes for each of the following processes in water rec¬ 
lamation: lime precipitation, recarbonation, activated carbon adsorption, and 
ozonation? 

14.50. What is the primary limiting problem related to the biological activated carbon 
(BAC) process? (Refer to Sections 14.7 and 14.20.) 

14.51. A 4.0-mgd tertiary treatment plant processing a domestic wastewater had the 
following treatment processes: preliminary screening and grit removal, primary 
sedimentation, flow equalization to eliminate diurnal variation, conventional 
diffused-air activated-sludge processing at a BOP loading of 30-35 lb/1000ftV 
day, anaerobic sludge digestion with land disposal of digested solids, alum ap¬ 
plication to the secondary clarifier overflow of approximately 5 mg/1, dual¬ 
media gravity filtration at a rate of 3-4 gpd/ft^ chlorination at a dosage up to 
25 mg/1 for a detention time of 1.0 hr in a plug-flow tank, sulfur dioxide addition 
for dechlorination, and sodium hydroxide for increasing pH if necessary. The 
effluent is discharged to an irrigation channel. The plant performance specified 
by the plant designer was an effluent BOD of 5 mg/1 and suspended solids of 
10 mg/1. After the plant operated for several years, the state revised the effluent 
limitations in the NPDES permit as listed below. Which of these effluent stan¬ 
dards do you think this plant can meet? Which ones do <you think this plant 
cannot meet and why? Which ones are in doubt? 


Parameter 

Influent 

wastewater 

90-day 

average 

Efflueht limitations 

30-day Daily 

average maximum 

BOD, mg/1 

290 

— 

5.0 

10.0 

Total dissolved 

solids, mg/I 
Suspended solids. 

900 

250 

— 

500 

mg/1 

270 

— 

5.0 

10.0 

Total nitrogen, 

mg/1 

50 

— 

— 

— 

Ammonia nitrogen, 

mg/1 

34 

— 

— 

5.0 

continued 
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Parameter 

Influent 

wastewater 

Effluent limitations 

90-day 30-day Daily 

average average maximum 

Chlorine residual, 
mg/1 


— — 0 

Coliform bacteria 

— 

2.2/100 ml for 7-day average 

Dissolved oxygen 

— 

5.0 mg/1 or more 80% of time 

Heavy metals 

— 

MCLs for drinking water 

pH 

7 

In the range of 6.5-8.5 
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Table A. 1 (continued) 
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Systeme International dVnites (SI) 

The SI metric system is based on meter-kilogram-second units. The principal units ap¬ 
plicable to water and wastewater engineering are listed in Tables A.2 and A.3. Derived 
SI units are consistent, since the conversion factor among various units is unity (e.g., 

1 joule = 1 newton X 1 meter). Prefixes given in Table A.4 may be added to write large 
or small numbers and thus avoid the use of exponential values of 10. Groups of three 
digits, on either side of the decimal point, are separated by spaces. Tables A.5 and A.6 
list common conversion factors from customary units to SI metric. [Reference: Units of 
Expression for Wastewater Management, Manual of Practice No. 6 (Washington, DC: 
Water Pollution Control Federation, 1982).J 


Table A.2 Basic SI Units 


QUANTITY 

UNIT 

SYMBOL 

Length 

meter 

m 

Mass 

kilogram 

kg 

Time 

second 

s 

Thermodynamic 



temperature 

Kelvin 

K 

Molecular weight 

mole 

mol 

Plane angle 

radian 

rad 


Table A.3 

Derived SI Units 


QUANTITY 

UNIT SYMBOL FORMULA 

Energy 

joule J 

N'ln 

Force 

newton N 

kgm/s- 

Power 

watt W 

J/s 

Pressure 

pascal Pa 

N/m= 


Table A.4 Multiples and Submultiples of SI Units 


MULTIPLIER 

PREFIX 

SYMBOL 

1000 000 =10'’ 

mega 

M 

1 000 = 10’ 

kilo 

k 

0.001 =10’ 

mini 

m 

0.000 001 = 10-*’ 

micro 











Table A.5 Conversion Factors from English Units to SI Metric Un its 

__ CUSTOMARY UNITS METRIC UNITS 

SYMBOL MULTIPLIER SYMBOL 

DESCRIPTION _MULTIPLY ... BY... TO OBTAIN... RECIPROCAL 


Acre 

British thermal unit 
British thermal units 
per cubic foot 
British thermal units 
per pound 

British thermal units 
per square foot 
per hour 
Cubic foot 
Cubic foot 

Cubic feet per minute 
Cubic feet per miriute 
per thousand cubic feet 
Cubic feet per second 
Cubic feet per second 
per acre 
Cubic inch 
Cubic yard 
Fathom 
Foot 

Feet per hour 
Feet per minute 
Foot-pound 
Gallon, U.S. 

Gallons per acre 
Gallons per day 
per linear foot 
Gallons per day 
per square foot 
Gallons per minute 
Grain 

Grains per gallon 

Horsepower 

Horsepower-hour 

Inch 

Knot 

Knot 

Mile 

Miles per hour 
Million gallons 
Million gallons per day 
Million gallons per day 
Ounce 

Pound (force) 

Pound (mass) 


acre 

0.404 7 

Btu 

1.055 

Btu/fP 

37.30 

Btu/lb 

2.328 


Btu/ftVhr 

3.158 

ft^ 

0.028 32 

ft’ 

28.32 

cfm 

0.471 9 

cfra/lOOOft’ 

0.016 67 

cfs 

0.028 32 

cfs/acre 

0.069 98 

in.’ 

0.016 39 

yd’ 

0.764 6 

f 

1.839 

ft 

0.304 8 

ft/hr 

0.084 67 

fpm 

0.005 08 

ft-lb 

1.356 

gal 

3.785 

gal/acre 

0.009 35 

gpd/lin ft 

0.012 42 

gpd/fP 

0.040 74 

gpm 

0.063 08 

gr 

0.064 80 

gr/gal 

17.12 

hp 

0.745 7 

hp-hr 

2.684 

in. 

25.4 

knot 

1.852 

knot 

0.5144 

mi 

1.609 

mph 

1.609 

mil gal 

3 785.0 

mgd 

43.81 

mgd 

0.043 81 

oz 

28.35 

Ibf 

4.448 

lb 

0.453 6 


ha 

2.471 

kJ 

0.947 0 

J/1 

0.026 81 

kJ/kg 

0.429 5 


J/m’-s 

0.316 7 

m’ 

35.31 

1 

0.035 31 

1/s 

2.119 

l/m'-s 

60.00 

m’/s 

35.31 

m’/s-ha 

14.29 

1 

61.01 

m’ 

1.308 

m 

0.546 7 

m 

3.281 

mm/s 

11.81 

m/s 

196.8 

J 

0.737 5 

1 

0.264 2 

m’/ha 

106.9 

m’/m-d 

80.53 

m’/m’d 

24.54 

1/s 

15.85 

g 

15.43 

mg/1 

0.058 41 

kW 

1.341 

MJ 

0.372 5 

mm 

0.039 37 

km/h 

0.540 0 

m/s 

1.944 

km 

0.621 5 

km/h 

0.621 5 

m’ 

0.000 264 2 

I/s 

0.022 82 

mVs 

22.82 

g 

0.035 27 

N 

0.224 8 

kg 

2.205 


{continued) 
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Table A.5 [continued) 


CUSTOMARY UNITS 


METRIC UNITS 


SYMBOL 

MULTIPLIER 

SYMBOL 


DESCRIPTION 

MULTIPLY... 

BY... 

TO OBTAIN. 

.. RECIPROCAl 

Pounds per acre 

Ib/ha 

1.121 

kg/ha 

0.892 1 

Pounds per cubic foot 

pcf 

16.02 

kg/m’ 

0.06242 

Pounds per foot 

Pounds per 

Ib/ft 

1.488 

kg/m 

0.6720 

horsepower-hour 

Ib/hp-hr 

0.169 0 

mg/J 

5.918 

Pounds per square foot 

Ib/ft* 

0.047 88 

kN/m* 

20.89 

Pounds per square inch 
Pounds per thousand 

psi 

6.895 

kN/m* 

0.145 0 

cubic feet per day 

lb/1000 ftYday 

0.016 02 

kg/m*-d 

62.43 

Square foot 

ft* 

0.092 90 

m* 

10.76 

Square inch 

in.* 

645.2 

mm* 

0.001 550 

Square mile 

mi* 

2.590 

km* 

0.386 1 

Square yard 

yd* 

0.836 1 

m* 

1.196 

Ton, short 

ton 

0.907 2 

t 

1.102 

Yard 

yd 

0.914 4 

m 

1.094 


Acceleration of gravity g = 32.174 ft/s^ = 9,806 65 m/s*. 
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Table A.6 Selected English -Metric Conversion Factors 


ENGLISH UNIT MULTIPL 


Volume 


Velocity 

Flow 


BOD loading 
Solids loading 
Hydraulic loading 


Concentration 


Volume 


Velocity 

Flow 


BOD loading 
Solids loading 
Hydraulic loading 
Concentratin 


gpm 

gpm 

cfs 

Ib/IOOOftVday 

Ib/acre/day 

Ib/ftVday 

Ib/ftVday 

gpd/ft^ 

gpm/ft? 

Ib/mil gal 


METRIC UNIT 


1 

1 

m/s 

mVd 

mVd 

mVs 

1/s 

g/m^*d 

kg/ha-d 

kg/m^-d 

kg/m^-d 

mVm^-d 

1/m^-s 

mg/1 


MULTIPLIER 

METRIC UNIT 

0.453 6 

kg 

0.304 8 

m 

0.09290 

m^ 

4 047 

m^ 

0.4047 

ha 

0.003 785 

m^ 

3.785 

I 

0.028 32 

m^ 

28.32 

1 

0.005 08 

m/s 

3 785 

mVd 

5.450 

mVd 

0.063 09 

1/s 

0.028 32 

mVs 

16.02 

g/m’-d 

1.121 

kg/ha-d 

4.883 

kg/m^-d 

16.02 

kg/m^d 

0.04075 

mVm^-d 

0.679 0 

I/m*-s 

0.119 8 

mg/1 

MULTIPLIER 

ENGLISH UNIT 

2.205 

lb 

3.281 

ft 

10,76 

ft^ 

0.000 247 

acre 

2.471 

acre 

264.2 

gal 

35.31 

ft^ 

0.264 2 

gal 

0.035 31 

fU 

196.8 

fpm 

0.000 264 2 

mgd 

0.183 5 

gpm 

35.31 

cfs 

15.85 

gpm 

0.06243 

lb/1000 ftVday 

0.8921 

Ib/acre/day 

0,204 8 

Ib/ftVday 

0.062 42 

Ib/ftVday 

24,54 

gal/ft Vday- 

1.473 

gpm/ft- 

8.345 

Ib/mil gal 
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Table A.8 Properties of Water in English Units 


TEMPERATURE 

(“F) 

sPEcinc 

WEIGHT 

y(lb/ft’) 

MASS 
DENSITY p 
(Ib-secYft^) 

ABSOLUTE 
VISCOSITY 
/i(X 10"' 
Ib-sec/ft^) 

KINEMATIC 
VISCOSITY V 
(X 10-ntVsec) 

VAPOR 

PRESSURE 

Pv(psi) 

32 

62.42 

1.940 

3.746 


■B 

40 

62.43 

1.938 

3.229 



50 

62.41 

1.936 

2.735 


BB 

60 

62.37 

1.934 

2.359 

1.217 

0.26 

70 

62.30 

1.931 

2.050 

1.059 

0.36 

80 

62.22 

1.927 

1.799 

0.930 

0.51 

90 

62.11 

1.923 

1.595 

0.826 

0.70 

100 

62,00 

1.918 

1.424 

0.739 

0.95 

no 

61.86 

1.913 

1.284 

0.661 

1.24 

120 

61.71 

1.908 

1.168 

0.609 

1.69 

130 

61.55 

1.902 

1.069 

0.558 

2.22 

140 

61.38 

1.896 

0.981 

0.514 

2.89 

150 

61.20 

1.890 

0.905 

0.476 

3.72 

160 

61.00 

1.896 

0.838 

0.442 

4.74 

170 

60.80 

1.890 

0.780 

0.413 

5.99 

180 

60.58 

1.883 

0.726 

0.385 

7.51 

190 

60.36 

1.876 

0.678 

0.362 

9.34 

200 

60.12 

1.868 

0.637 

0.341 

11.52 

212 

59.83 

1.860 

0.593 

0.319 

14.70 


Table A.9 

Properties of Water in SI Metric Units 



SPECIFIC 
TEMPERATURE WEIGHT 
(“C) y (kN/m’) 

MASS 
DEN¬ 
SITY 
p (kg/m’) 

ABSOLUTE 
VISCOSITY 
fx{X 10 ' 
(kg/m-s)" 

KINEMATIC 

VISCOSITY 

V 

(X 10 '■mVs) 

VAPOR 
PRESSURE 
p, (kPa) 

0 

9.805 

999.8 

1.781 

1.785 


5 

9.807 

1000.0 

1.518 

1.518 


10 

9.804 

999.7 

1.307 


1.23 

15 

9.798 

999.1 

1.139 

1,139 


20 

9.789 

998.2 

1.002 


2.34 

25 

9.777 

997.0 

0.890 

0.893 

3.17 

30 

9.764 

995.7 

0.798 


4.24 

40 

9.730 

992.2 

0.653 

0.658 

7.38 

50 

9.689 

988.0 

0.547 

0.553 

12.33 

60 

9.642 

983.2 

0.466 


19.92 

70 

9.589 

997.8 

0.404 

0.413 

31.16 

80 

9,530 

971.8 

0.354 

0.364 

47.34 

90 

9.466 

965.3 

0.315 

0.326 


100 

9.399 

958.4 

0.282 




®N ■ s/m^ 
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(able A. 10 Saturation Values of Dissolved Oxygen in Water Exposed to Water-Saturated Air 
— Containing 20.90% Oxygen Under a Pressure of 760 mm Hg® 


TEMPERA¬ 

TURE 

CQ 


CHLORIDE CONCENTRATION 
IN WATER (MG/L) 

0_5000_ 10,000 

DISSOLVED OXYGEN 
(mg/1) 


14.6 

1.3.8 

13.0 

14.2 

13.4 

12.6 

13.8 

13.1 

12.3 

13.5 

12.7 

12.0 

13.1 

12.4 

11.7 

12.8 

12.1 

11.4 

12.5 

11.8 

11.1 

12.2 

11.5 

10.9 

11.9 

11.2 

10.6 

11.6 

11.0 

10.4 

11.3 

10.7 

10.1 

11.1 

10.5 

9.9 

10.8 

10.3 

9.7 

10.6 

10.1 

9.5 

10.4 

9.9 

9.3 

10.2 

9.7 

9.1 

10.0 

9.5 

9.0 

9.7 

9.3 

8.8 

9.5 

9.1 

8.6 

9.4 

8.9 

8.5 

9.2 

8.7 

8.3 

9.0 

8.6 

8.1 

8.8 

8.4 

8.0 

8.7 

8.3 

7.9 

8.5 

8.1 

7.7 

8.4 

8.0 

7.6 

8.2 

7.8 

7.4 

8.1 

7.7 

7.3 

7.9 

7.5 

7.1 

7.8 

7.4 

7.0 

7.6 

7.3 

6.9 


DIFFERENCE 
PER 100 MG 
CHLORIDE 


TEMPERA¬ 

TURE 

CQ 


VAPOR 

PRESSURE 

(mm) 


by the equation 


P - P 
'760 - p 


a = solubility at barometric pressure P and given temperature, mg/1 
Cs = saturation at given temperature from table, mg/1 
P = barometric pressure, mm 

p = pre.ssure of saturated water vapor at temperature of the water selected 
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INDEX 


Acid, 436 
Acidity 

neutralisation of, 421 
pH relationship, 421 
Activated carbon, 497, 738 
Activated sludge, 562,565 
aeration periods of, 566 
air requirements of, 569 
BOD loadings for, 569 
complete mixing processes lor, 566 
in conventional processes. 570 
extended aeration process for, 577 
high purity oxygen, 581 
kinetics, model of, 583 
oxygen transfer in, 596 
population dynamics and, 531 
process design and, 592 
step-aeration process for, 573 
Advanced wastewater treatment processes, 334, 
725,792 

activated carbon, 738 
limitations of secondary treatment in, 726 
nitrogen removal. 748 
phosphorous removal, 740 
selection of, 729 
suspended solids removal, 732 
Aerated lagoons, 611 
Aeration, 453,478 

iron and manganese removal, 453 
processes of, see Activated sludge 
Biological treatment processes 
Aerobic sludge digestion, 679 
Aerobic treatment, see Biological treatment 
processes 

Agricultural wastes. 111 

Agricultural water requirements, 73 

Air diffusers, 573 

Air drying of sludge, 679 

Air flotation, see dissolved air flotation 


Air stripping, 494 
Alafia model, 105 
Algae, 517 

bacteria and, 534 
Algicides, 341 
Alkalinity, 421 

pH relationship, 421 
Alum, 434 

coagulation of. see Aluminum coagulants 
in sludges, 645 
Aluminum, 434 
Aluminum coagulants, 434 
Aluminum hydroxide, 419 
Aluminum sulfate, 434 
Amines, 615 
Ammonia, 286 

concentration in wastewater of, 540 
oxidation of. see nitrification 
standard for, 726, 727 
Ammonia nitrogen, 284 
Ammonium, 419 
Ammonium sulfate, 417 
Amoeba, 518 
Anaerobes, 517 
Anaerobic metabolism, 519 
Anaerobic sludge digestion, 639 
Anthracite coal media, 388 
Aquatic life, 283 
Aqueducts, 119 
design, 130-134 
Aquifer(s). 41 

classification of, 41 
confined, 41,49 
definition of, 41 
performance tests for, 48-58 
permeability of, 47 
safe yields of, 43 

storage volume of, 41 see also Groundwater 
unconfined, 41,49 
Aquifer parameters, 45-48 
Aquifuge, 43 
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INDEX 819 


Arsenic, 275 
Artificial recharge, 62 
Autotrophic bacteria, 516 

B 

Backwashing, see filtration 
Backwater curves, 199 
Bacteria, see also BOD, 265,516 
aerobes, 316 
anaerobes, 516 
autotrophic, 516 

in biological treatment processes, SIS 
classification of, 516 
conform, see Coliform bacteria 
disinfection and, see Chlorination 
faculative, 516 
growth of, 524 
heterotrophic, 516 
iron and, 516 
mesophilic, 530 
metabolism of, 518 
methane and, 671 
nitrifying. 751-752 
pathogenic, 264 -265 
population dynamics of, 531 
psychrophihc, 530 
reproduction of, 515-517 
Bacteriological tests, 270, 295 
Baffled flocculators, 363 
Barium, 277 
Bar screens, 352 
Best management practices, 22) 

Bicarbonate, 419 
Biochemical oxygen demand, 290 
Biochemical reactions, 518-522 
Biodegradable matter, 540 
Biological contactors, 563 
Biological denitrification, 759 
Biological-disk process, §63 
Biological filters, 542 
Biological nitrification, 762 
Biological sludge digestion, see Aerobic sludge 
digestion. Anaerobic sludge digestion 
Biological treatment processes, 515-620 
activated sludge, see Activated sludge 
aerobic digestion, 679 
algae and, 517 

anaerobic digestion, 534,639 
bacteria and, 516 
biological considerations, 515 
biological-disk, 563 

cliafacteristics of domestic wastewater and, 539 
efficiencies of, 548-553 
energy and, 518 
fpngi apd, 516 


growth and, 524 
metabolism and, 518 
nitrogen removal, 748-769 
odor control, 477,615 
open-air drying beds in, 655,657,683 
phosphorous removal, 740 
population dynamics and, 518 
protozoans and, SIS 
septic tanks in, 617 
sludge, see Sludge processing 
stabilization ponds in, 606 
trickling filters in, 542 
Biomonitoring, 288 
Blue-green algae, 518 
BOD, 290 
definition of, 290 
of sludges, 640 
standard for, 726 
BOD loading, 566 

BOD removal, see Biological-treatment processes 

Branching system, 135 

Breakpoint chlorination, 463 

Brine, 489 

Buffers, 422 

Building connections, 204 
C 

Cadmium, 277 
Calcium. 419 

algal growth and. 517 
removal of, 438-450 
Calcium hydroxide, 417 
Calcium hypochlorite, 417 
Calcium oxide, 417 
Calcium sulfate. 419 
Capillary water, 40 
Capillary zone, 40 
Carbohydrates, 540 

Carbon adsorption, see Activated carbon 
Carbonate, 419.42 i 
Carbon dioxide, 417,419,519 
algal growth and, 535 
pH and, 421 

Carbon regeneration, 739 
Carcinogenic risk, 272 
Carmen-Kozeny equation. 397 
Cation exchange softening. 449 
Cavitation, 181 
Cellulose, 541 
Centrifugation, 697 
Chemical conditioning, 649 
Chemical contaminants, 275,288 
Chemical oxygen demand, 290,294 
Chemical pollution, 275 
Chemical quality, 272 
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Chemicals, 417 

Chemical treatment processes, 415-499 
activated carbon wastewater treatment, 417, 
739 

activated carbon water treatment, 417,478 
chemical considerations, 415 
chemical equilibria in, 422 
chlorination in, see Chlorination 
coagulation in, see Coagulation 
colloidal dispersions and, 429 
conosion control, 485,486 
disinfection, 455 
fluoridation, 478 

inorganic chemicals and compounds and, 416 
iron removal, 342,451 
kinetics, 424 

manganese removal, 342,451 
nitrogen removal, 748 
odor control, 477 
pH and, 28^ 

phosphorous removal, 740 
reaction rates and, 425 
saline water conversion in, see Saline water 
conversion 

sludges and, see Sludge processing 
taste control, 477 
water softening, 438 
Chezy equation, 203 
Chloramines, 456 
Chlorides, 282 
Chlorination, 455-459 
breakpoint, 463 
by-products, 461 
chemistry of, 455 
compounds in, 455 
dosage and, 464 
odor control and, 477 
residual in, 457 
taste control and, 477 
of wastewater, 475 
of water supplies, 463 
Chlorine, 455 
Chlorine dioxide, 459 
Chromium, 277 

Clarification, see Sedimentation 
Clarifiers, 367 
Clean Water Act, 17 
Coagulation, see also Flocculation, 432 
in advanced wastewater treatment, 741 
coagulants and, 434 
jar test for, 433 
phosphorous removal in, 740 
sludges and, 645 
water softening and, 646 
COD, 290 


Coefficient of permeability, 47, 50 
Coefficient of transmissibility, 47 
Coliform bacteria, 269,285,295 
as pollution indicator, 269, 
test for, 269 
Collecting sewers, 204 
Collection of groundwater, 48 
Colloidal dispersions, 429 
Color, 341 

Combination inlets, 242 

Combined available residual chlorine, 457 

Combined sewers, 327 

Commercial water requirements, 79 

Comminution, 331 

Composting, 685 

Conduit, 119-120 

Cones of depression, 48 

Confined aquifer, 41 

Conjunctive operation, 63 

Conjunctive system, 63 

Connate water, 40 

Conservation, 103 

Constant-rate filtration, 392 

Consumptive use, 31 

Contact stabilization, 571 

Copper, 278 

Copperas, see Ferrous sulfate 
Corrosion, 480-486 
C t product, 463 
Curb inlets, 241 
Cyclops, 518 

D 

Darcy’s law, 45, 58 
Darcy-Weisbach formula, 124 
Delphi technique, 96 

Demineralization, see Saline water conversion 
Denitrification, 759 

Deoxygenation, coefficient of, 306-310 
Desalination, 487 
Design flow, 130, 223 
Destabilization, 429-432 
Detention pond, 252 
Dewatering. 684 
Dichloramines, 456 
Diffused aeration, 453 

Digestion of sludge, see Aerobic sludge digestion, 
Anaerobic sludge digestion 
Digestors, 612-619 
Direct reuse, 71,772 
Disease, 265 
Disinfection, 463 
Dissolved air flotation, 667 
Dissolved oxygen, 285 
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Dissolved oxygen sag, 309 
Distillation, 487 
Distribution, water, 119 
Distribution reservoirs, 172 
Distribution systems, 134-172 
basic requirements for, 13S 
computer design of, 161 
configurations of, 134 
definition of, 134 
design of, 136,139 
distribution reservoirs in, 172 
EPANET, 161 

equivalent pipe method, 139 
Hardy-Cross method, 146,148 
hydraulic design of, 139 
layout and design of, 136 
linear theory method, 152 
loop equations, 142 
node equations, 144,157 
pumping in, 180 
Domestic wastewater, 
characteristics of, 264,324 
quantities of, 107 

treatment of, see Wastewater treatment 
Domestic water use, 82, see also Water quality. 
Water requirements. Water treatment 
Drainage system design, see Storm drainage 
system design 

Drinking water, 74, see also Water quality, Water 
treatment 

fluoridation of, see Fluoridation 
Drinking water standards, 271 
Drying beds, 683 
Dual media filter, 387 

£ 

Economics, 131 
Effluent standards, 285,726 
Electrolytes, 430 
Endogenous growth, 527 
Energy equation, 124 
Energy resource development, 81 
Entamoeba histolytica, 266 
Enteroviruses, 467 
Environmental legislation, 15-20 
Environmental pollution, see Pollution 
Environmental protection, 15 
Environmental Protection Agency (EPA), 16 
QUAL HE model and, 313-319 
stormwater management model and, 236 
Environmental regulation, 15 
Enzymes, 522 
EPANET, 161-168 
Equalization of wastes, 326 


Equalizing reservoir, 178 
Equilibria, chemical, 422 
Equipotential lines, 52 
Equivalent pipe method, 139 
Escherichia coli, 270 
Eutrophication, 330 
Evapotranspiration, 81 
Exfiltration, 110 
Extende aeration process, 577 
Extreme events, 36 

F 

Faculative bacteria, 606 
Faculative lagoons, 606 
Fats, 540 

Fecal coliform organisms, 28S 
Federal water laws, 19 

Federal Water Pollution Control Act of 1972,16 
Fermentation tube test, 295 
Ferric chloride, 417,435 
Ferric hydroxide, 419 
Ferric salts, 435 
Ferric sulfate, 417,435 
Ferrous sulfate, 434 
Filter media, 384,387 
Filtration, 384-406 
declining rate, 395 
direct, 386 
granular media, 384 
head losses, 397 
influent flow splitting, 393 
iron removal, 453 
manganese removal, 453 
pressure, see Pressure filtration 
. rates of, 386 
systems, 385 
trickling, 542 

vacuum, see Vacuum filtration 
virus removal, 732,736 
Final clarifiers, 377 
Fire-fighting water requirements, 75 
Fish and wildlife maintenance, 80 
Flocculation, 362, see also Coagulation 
Floodwaters, protection against, 33 
Flotation thickening, 667 
Flow equalization, 728 
Flow lines, 52 
Flow measurement, 348 
Flow net, 51 

Flow rate controllers, 391 
Fluidization, 400 
Flumes, 350 
Fluoridation, 478 
Fluorides, 278 
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Food-to-microrganism ratio (F/M), 528 
Forecasting, 96 

Free available residual chlorine, 456 
G 

Giardia lamblia, 463 
Glucose, 540 

Gradually varied flow, 198 
Granular media filtration, 387,732 
Gravitational water,40 
Gravity filtration, see Sand filters 
Gravity thickening, 658 
Grease, 541 
Grid system, 61 
Grit removal, 382 

Groundwater, 29,40, see also Aquifers, Wells 
collection of, 48 

concurrent development of surface water 
and, 63 

distribution of, 27,40 
extent of, 29,40 
flow of, 45-58 
fluctuations in level of, 43 
models of, 58-6! 
recharge of, 62 
Groundwater systems, 58 
Groundwater zone, 41 

H 

Hardness, 438 

Hardy-Cross method, 146, 148 

Hazen-Williams formula, 120 

Head oss coefficients, 123 

Head losses in filters, 397 

Heavy metals, 731 

Helminth eggs, 265 

Herbicides, 280 

Heterotrophic bacteria, 516 

High-purity-oxygen activated sludge, 581 

High-rate activated sludge process, 577 

Hill method, 45 

Holistic approach, 4 

Holozoic protozoans, 518 

House connections, 204 

Hydraulic analysis, 194 

Hydraulic design, 244 

Hydrocarbons, 287 

Hydroelectric power, 81 

Hydrogen-ion concentration, 420 

Hydrogen sulfide, 486 

Hydrograph method, 224 

Hydrologic considerations, 30 

Hydrophilic colloids, 429 


Hydrophbic colloids, 429 
Hydroxides, 419 
Hydroxyl, 419,420 
Hypochlorite, 419,458 
Hypochlorous acid, 455 

I 

Ideal reactors, 354 
Impounding reservoir, 33 
Indicator organisms, 269, 270 
Indirect reuse, 71 
Industrial reuse of wastewater, 72 
Industrial wastes. Ill, 324 
Industrial waste volumes, 111 
Industrial water requirements, 80 
Infiltration, 110, 326 
Infiltration galleries, 326 
Infiltration-percolation, 326 
Inlet, stormwater, 240 
Inlet time, 229 
Inorganic chemicals, 277 
Insecticides, 280 
Institutions, 7, 10 
Integrated water management, 4 
Intercepting sewers, 204 
Intermediate zone, 40 
Inverted siphons, 217 

Ion exchange in saline water conversion, 487 
Iron, 342 

IWR-MAIN. 97-105 

K 

Kinetics 

biological, 522-528 
chemical, 424 

L 

Lagoons, 611 
Lamblia cysts, 463 
Land disposal 
of sludges, 707 
of wastewater, 777 
Land management, 9 
Land treatment, 777 
Langelier index, 482 
Lead, 278 
Leptothrix, 453 
Lime as coagulant aid, 744 
Lime-soda ash softening, 438 
Linear theory method, 152 
Lipids, 541 

Loop equations, 142,145 
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M 

Magnesium, 419 
Magnesium carbonate, 419 
Magnesium hydroxide, 417,419 
Magnesium sulfate. 419 
Management practices 88 
Manganese, 453, 454, 647 
Manganese oxides, 647 
Manganese zeolite, 454 
Manholes, 244 
Manning’s equation, 121 
Mas.s balance, 427 
Mass type of analysis, 37 
Maximum contaminant level, 275 
Mechanical dewatering, see Centrifugation, 
Pressure filtration 
Membrane filter, 296 
Mercury. 275, 111 
Mesophilic bacteria, 530 
Metabolism, 518 
Methane, 639.671 
Methane bacteria, 671 
Microbiological quality, 264 
Microorganisms, see Bacteria in biological treat¬ 
ment processes, Biological treatment 
processes 

Milliequivalents per liter bar graph, 418 

Mixed liquor suspended solids (MLSS), 566-569 

Mixing, 362 

Molecular weight, 416 

Molybdenum, 517 

Monochloramines, 456 

Municipal water use, 82 

N 

National Board of Fire Underwriters, 76 
National Environmental Policy Act, 15 
National interim primary drinking water regula¬ 
tions, 275, 276 

National pollutant discharge elimination system, 
284 

National Water Commission, 7 
Natural runoff, 32 
Natural systems, 11 
Navigation, 80 

Net positive suction head (NPSH), 181 
Networks, 140-172 
Newton-Raphson method, 158 
Nitrates, 279, see also Denitrification, 
Nitrification 

surface water criteria for, 279 
Nitrification, 753 

Nitrites, 757 see also Denitrification, Nitrification 


Nitrogen, 419 
in BOD test, 290-294 
removal of, 748 
sources of, 748 
Nitrosamines, 287 

No-observed-adverse-effect level (NOAEL), 273 
Node equations, 144 
Noncarcinogenic toxicity, 273 
Nonequilibrium approach, 53 
Nonpoint pollution, 220,304 

0 

Ocean disposal, 619 
Odor, 477,615 
Oil. 285 

On-site wastewater disposal, 617 

Open channels, 119,207, see also Aqueducts 

Operating storage, 176 

Organic chemicals, 279 

Organic matter, 540, see also BOD 

Orthophosphate, 419 

Osmosis, reverse, 489 

Osmotic pressure, 489 

Overflow rate, 366 

Overland flow, 230 

Oxidation, 519 

Oxidation ponds, 606 

Oxygen 

corrosion and, 480 
demand for, see BOD 
dissolved oxygen sag and, 309 
high-purity (activated sludge), 581 
transfer of. in activated sludge. 566 
Ozone, 460 

. P 

Paddle flocculators, 363 
Parshall flume, 350 
Pathogens, 265 
pH. 286 

bacterial growth and, 529 
Phenol, 287 
Phosphorous, 287,740 
biological removal f, 740 
chemical removal of, 740-741 
common forms of, 740 
physical removal of, 746 
sources of, 740 

Physical treatment processes, 348-406 
comminution, 331 
filters in, see Filtration 
flocculation and, 362 
flow measurement in, 348 
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Physical treatment processes (continued) 
mixing, 362 
screening, 350 

sedimentation, see Sedimentation 
sludge, see Sludge processing 
Pipelines, 120,iee also Aqueducts 
Pipe networks, 140 
Pipe systems, 126-130 
Planning processes, 8 
Plastic media, 544,553 
Plug flow, 354,357,764 
Pollution, 284,303 
Pollution control, 20 
Pollution parameters, 289 
Polymers, 437,437 
Ponding, see Stabilization ponds 
Population, 87 
density, 94 
estimating, 90 
Population dynamics, 531 
Potassium, 517 
Potassium permanganate, 417 
Power. 181 
Preaeration, 331 
Preliminary treatment, 331 
Presedimentation, 375 
Presence-absence technique, 297 
Pressure filtration, 406,686 
Pressure flow, 217 
Pretreatment, 325 
Preventive measures, 13 
Primary sludge, 639 
Primary tanks, 380 

Primary wastewater treatment units, 332, 380 
Probability of occurrence, 223 
Proteins, 540 

Protozoans, 518, see also Activated sludge 

Pseudomonas ovalis, 596 

Public policy. 13 

Pumping, 180 

Pumping curve, 182 

Pumping head, 180 

Pumping stations, 180,183 

Q 

QUALIIE model, 313 

Quality criteria, 283 

Quality of water, see Water quality 

R 

Radioactivity, 281 
Radionuclides, 281 
Rapid mixing devices, 362 


Rapid sand filtration, 384 - 406 
backwashing, 400 
description of, 384 
hydraulics of, 397 

hydraulics of expanded beds for, 397 
materials for, 384, 387 
operation of, 391 
wash-water troughs in, 390 
Rutiona method,229 
reaction rates, chemical, 425 
Reactors, 353 
Recarbonation, 443 
Recharge wells, 62 
Reclaimed water, 71 
Reduction, 519 
Reservoirs, 33 
capacity of, determining 34 
eutrophication of, 330 
groundwater, 40 
impounding, 33 
losses from storage in, 38 
multipurpose, 33 

risks associated with yield and, 37 
sedimentation in, 38 
Reservoir storage, 33, 172 
Residence time, 353 
Residential wastewater Hows, 108 
average rates of, 109 
exhltration, 110 
infiltration, 110 

long-term daily average rate of, 110 
maximum and minimum rates of, 110 
minimum daily flushing rate of, 110 
storm runoff, 110 
variability of, 109 
Residential water requirements, 74 
* Resource Conservation and Recovery Act of 
1976, 19 

Reuse of wastewater, 71,725, 769 
agricultural, 771,776 
direct, 71, 772 
economics of 788 
indirect, 772 
industnal, 72 
landscape, 784 
municipal, 772, 784 
public health and, 788 
recharge to groundwater and, 772,788 
Reverse osmosis, 489 
Reynolds number, 45 
Rippl, W., 34 
Risks, 12, 272 
Roughness coefficients, 121 
Runoff, 27 

basin characteristics affecting, 32 
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coefficient of. 229 
distribution of, 27 
natural, 32 
regulated, 32 
storm, 110 
urban, 219 


Safe Drinking Water Act of 1974, 17,18 
Safe yield, 43 
Saline water, 82 
Saline water conversion, 487 
classification of proces.ses of, 489 
multistage flash, 487 
reverse osmosis in, 489 
Saltwater intrusion, 62 
Sand filters. 384 
action of, 384, 387 
backwashing and, 400 
description of, 387 
design ofunits for, 384-406 
hydraulics of, 397 
hydraulic.s of expanded beds of, 397 
materials tor, 387 
operation of, 387 
rapid, 386 

wash-water troughs, 389 
Sanitary sewer design, 203 
collecting sewers in, 204 
house and building connections in, 204 
intercepting sewers in, 206 
inverted siphons in, 217 
system layout, 206,208 
wastewater pumping stations in, 219 
Saturated zone, 40 
Screening. 350 

Seawater conversion, see Saline water conversion 
Secondary standards, 282 
Secondary treatment, 332,726 
Sediment inflow, 38 
Sedimentation, 365-382 
compression, 367 
definition of, 36 
grit chambers for, 382 
iron removal from, 453 
manganese removal from, 453 
in wastewater treatment, 377 
in water treatment, 375 
zone settling, 371 
Selenium, 277 
Septic tanks, 617 
Service storage, 172 
Settling, 365 
Settling zone, 366 


sewage flow rates, 109 

Sewage flows, 109, see also Residential waste- 
water flows 
Sewerage, 3 
Sewers, 203 
Shutoff head, 182 
Simulation models, 164,165,224 
Simultaneous path adjustm^t mediod, 149 
Single path adjustment method, 145 
Siphons, inverted. 217 

Sludge, see Activated sludge. Sludge processing 
Sludge disposal, 332 
Sludge processing, 346,635-712 
aerobic digestion, 679 
anaerobic digestion, 671 
centrifugation, 697 

characteristics of, for wastewater sludges, 638 
characteristics of for water treatment, 645 
disposal, 706 

dissolved air flotation, 667 
gravity thickening, 658 
with land disposal, 707 
open air drying beds, 679 
pressure filtration, see Pressure filtration 
selection of, for wastewater sludges, 649 
selection of, for water treatment sludges, 654 
thickening and, 658 
ultimate disposal of, 706 
unit processes for, 648 
vacuum filtration, see Vacuum filtration 
weight and volume relationships in, 635 
Sludge storage, 645 
Sludge volume relationship, 573 
Sludge zone, 366 
Soda ash, 438 
in water softening, 438 
Sodium, 419 
Sodium aluminate, 417 
Sodium bicarbonate, 417 
Sodium carbonate, 417 
Sodium chloride, 417 
Sodium fluoride, 417 
Sodium fluosilicate, 417 
Sodium hexametaphosphatc. 417 
Sodium hydroxide, 417 
Sodium hypochlorite, 417 
Sodium silicate, 417 
Sodium sulfate, 419 
Sodium thiosulfate, 417 
Soils, 26,40 
moisture of, 26 
Soil-water zone, 40 
Solubility product constant. 423 
Specific yield, 41 
Sphaerotilus, 453 
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Split treatment, 444 
Stabilization ponds, 606 
Standard methods, 418 
Steam electric generation, 73 
Step aeration, 573 
Storage, 33,38 
emergency, 172 
fire fighting, 172 
groundwater, 40 
service, 172 
of surface water, 33 
Storm drainage system design, 222 
design flow in, 223 
estimating runoff in, 224 
hydraulics of urban systems, 244 
hydrologic considerations, 222 
storm water inlets in, 240 
system layout in, 243 
Stormwater detention, 252 
Stormwater inlets, 240 
Stormwater management model, 236 
Stormwater reuse, 252 
Stormwater runoff, 110 
Stream flow, 26 
Streeter-Phelps equation, 308 
Sulfate, 419 
Sulfur, 516 
Sulfur dioxide, 417 
Surface profiles, 199 
Surface water, 26,30,283 
categories of, 26-28 
concurrent development of groundwater 
and, 63 

distribution of, 134 
quality of, 283 
runoff of, see Runoff 
storage of, see Reservoirs 
supplies f, 26, 32 
Suspended solids, 285, 289,704 
Synthetic organic chemicals, 497 
System head, 182 

T 

Taste, 477 

chemical control of, 477 
sources of, 477 

Technology-based standards, 21 
Tertiary treatment, 725 
Theis equation, S3 
Thermophilic bacteria, 530 
Thickening, see Centrifugation, Dissolved air flo¬ 
tation, Gravity thickening. Sedimentation 
Time of concentration, 230 
Total dissolved solids (TDS), 289 
Total dynamic head (TDH), 180 


Toxic water pollutants, 289 
Transmissibility, 53, 55 
Transportation, 119 

of water, see Aqueducts 
Transportation systems, 119 
Treatment processes, 330, 334 
Trickling filter, 542 
Trihalomethanes, 280 
Tunnels, 20 
Turbidity. 282 
Type curve, 55 

U 

Unconfined aquifer, 41 
Underdrainage system, 389 
Uniform flow, 195 
Unit hydrograph method, 224 
Urban storm drainage systems, 219 
Urban water requirements, 74 
U.S. Geological Survey, 84 

V 

Vacuum filtration, 650 
Valence, 416 

Van der Waals forces, 430 
Vertical turbine mixers, 363 
Viruses, 256, 266 

Volatile mixed liquor suspended solids (VSS), 527 
Volatile organic chemicals, 280, 494 
Volatile .solids, 675 

W 

Wash water troughs, 390 
Waste volumes, 107 

Wastewater, see also Wastewater systems 
characteristics of, 535 
effluent standards, 271 
estimation of, see Water quality 
municipal, 108 

reu.se of, see Reuse of wastewater 
treatment of, see Wastewater treatment 
Wastewater reclamation, 71 
Wastewater systems, 194, 324 
gradually varied flow in, 198 
hydraulic considerations for, 194 
sanitary sewer design of, 203, see also Sanitary 
sewer design 

storm drainage system design, see Storm 
drainage system design 
surface profiles of, 198 
uniform flow, 195 
velocity and, 203 
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Wastewater treatment, 324,328 
Water availability, 25 
Water budget, 30 

Water distribution, see Distribution systems 
Water management, 4, 6-22 
Water Pollution Control Act Amendments of 
1972, 16 
Water projects, 6 
Water quality, 10, 28,219,264 
criteria for, 264,285 

EPA stormwater management model of, 236 
models of, 302, 304, 306,319 
QUAL HE model of, 313 
standards, 284 

Streeter-Phelps model of, 307 
viruses, 265,266 
Water quantity, 25 -28 
Water reclamation, 725, 790 
Water requirements, 70 
agricultural, 73 
commercial, 79 
current, 82 
domestic, 74, 86 

energy resources development, 81 

factors affecting use of water, 87 

tire fighting, 75 

fish and wildlife, 80 

hydroelectric powei, 81 

industrial, 80 

irrigation, 73 

municipal, 82 

navigation, 80 

public, 82 

recreational, 81 

residential, 74 

steam electric generation, 73 
trends in, 81, 85 
urban, 74 

Water resources, 70,71 
Water softening, 438-455 
calcium removal, 440, 443 
cation exchange, 449 
chemistry of lime-soda ash process, 438 
coagulation and, 446 


excess lime treatment, 440 
ion exchange, 449 
iron removal, 342,451 
manganese removal, 342,451 
radionuclides removal, 451 
split treatment, 444 
water stabilization and, 481 
Water supply, 25,70,138 
Water treatment, 338-347 

chemical processes for, see Chemical treatment 
processes 

filtration, see filtration 
flocculation, 362 
flow measurement, 348 
mixing, 362 

physical processes for, 348, see also specific 
processes 
screening, 350 

sedimentation, see Sedimentation 
selection of processes for, 340 
of sludges, see Sludge processing 
Water u.se, see also Water requirements, 31, 
70,73 

factors affecting, 87 
forecasting, 96-102 
trends in, 82 

Waterborne disease, 265,268 
Watershed management, 4 
Watershed modeling, 305 
Water using .sectors, 82 
Well(s). 48-58 

boundary effects of, 58 
cone of depression in, 48 
equations for, 48-58 
hydraulics of, 48 
infiltration galleries and, 48 
Well function, 53 
Withdrawal uses, 82 

Z 

Zeolite process, 454 
Zeta potential, 429 
Zone settling, 371 



